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Preface 


lne adoption of Silicon-on-Insulator (SOI) substrates for the 
manufacturing of mainstream semiconductor products such as 
microprocessors has given SOI research an unprecedented impetus. In the 
past, novel transistor structures proposed by SOI scientists were often 
considered exotic and impractical, but the recent success of SOI in the 
field of microprocessor manufacturing has finally given this technology 
the credibility and acceptance it deserves. 

The classical CMOS structure is reaching its scaling limits and “end-of- 
roadmap” alternative devices are being investigated. Amongst the different 
types of SOI devices proposed, one clearly stands out: the multigate field- 
effect transistor (multigate FET). This device has a general “wire-like” 
shape with a gate electrode that controls the flow of current between 
source and drain. Multigate FETs are commonly referred to as “multi(ple)- 
gate transistors”, “wrapped-gate transistors”, “double-gate transistors”, 
“FinFETs”, “tri(ple)-gate transistors”, “Gate-all-Around transistors”, etc. 
The International Technology Roadmap for Semiconductors (ITRS) 
recognizes the importance of these devices and calls them “Advanced non- 
classical CMOS devices”. 

There exists a number of textbooks on SOI technology. Some of these 
books tackle the subject of multigate FETs, but there is no book that 
contains a comprehensive description of the physics, technology and 
circuit applications of this new class of devices. This is why we decided to 
compile chapters dedicated to the different facets of multigate FET 
technology, written by world-leading experts in the field. This book 
contains seven chapters: 
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• Chapter 1: The SOI MOSFET: from Single Gate to Multigate, by 
Jean-Pierre Colinge, is a general introduction that shows the 
evolution of the SOI MOS transistor and retraces the history of the 
multigate concept. The advantages of multigate FETs in terms of 
electrostatic integrity and short-channel control are described, and 
the challenges posed by the appearance of novel effects, some of 
quantum-mechanical origin, are outlined. 

• Chapter 2: Multigate MOSFET Technology, by Weize (Wade) 
Xiong, outlines the issues associated with multigate FET 
manufacturing. This chapter describes thin-fm formation 
techniques, advanced gate stack deposition and source/drain 
resistance reduction techniques. Issues related to fin crystal 
orientation and mobility enhancement via strain engineering are 
tackled as well. 

• Chapter 3: BSIM CMG: A Compact Model for Multi-Gate 
Transistors, by Mohan Vamsi Dunga, Chung-Hsun Lin, Ali M. 
Niknejad and Chenming Flu, describes the physics behind the 
BS1M-CMG (Berkeley Short-channel 1GFET Model - Common 
Multi-Gate) compact models for multigate MOSFETs. A compact 
model serves as a link between process technology and circuit 
design. It is a concise mathematical description of the device 
physics in the transistor. Some simplifications in the physics, 
however, can be made to enable fast computer analysis of 
device/circuit behavior. 

• Chapter 4: Physics of the Multigate MOS System, by Bogdan 
Majkusiak, analyzes the electrostatics of the multigate MOS 
system. Using quantum-mechanical concepts, it describes electron 
energy quantization and the properties of a one-dimensional and 
two-dimensional electron gas. The effects of tunneling through thin 
gate dielectrics on the electron population of a device are studied as 
well. 
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• Chapter 5: Mobility in Multigate MOSFETs, by Francisco Gamiz 
and Andres Godoy, analyzes the behavior of electron mobility in 
different multigate structures comprising double-gate transistors, 
FinFETs, and silicon nanowires. Mobility in multiple gate devices 
is compared to that in single-gate devices and different approaches 
for improving the mobility in these devices, such as different 
crystallographic orientations and strained Si channels, are studied. 

• Chapter 6: Radiation Effects in Advanced Single- and Multi-Gate 
SOI MOSFETs, by Veronique Ferlet-Cavrois, Philippe Paillet and 
Olivier Faynot, describes the effects of ionizing radiations such as 
gamma rays and cosmic rays on SOI MOSFETs. These effects are 
extremely important in military, space and avionics applications. 
Multi-gate FETs show exceptional resistance to total-dose and 
single-event effects and could become the new standard in 
radiation-hardened electronics. 

• Chapter 7: Multigate MOSFET Circuit Design, by Gerhard 
Knoblinger, Michael Fulde and Christian Pacha, describes the 
interrelationship between the multi-gate FET device properties and 
elementary digital and analog circuits, such as CMOS logic gates, 
SRAM cells, reference circuits, operational amplifiers, and mixed- 
signal building blocks. This approach is motivated by the 
observation that a cost-efficient, heterogeneous SoC integration is a 
key factor in modem 1C design. 


Jean-Pierre Colinge, August 2007 
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1 The SOI MOSFET: from Single Gate to Multigate 


Jean-Pierre Colinge 


1.1 MOSFET Scaling and Moore’s Law 

In 1965 Gordon Moore published his famous paper describing the 
evolution of the transistor density in integrated circuits. He predicted that 
the number of transistors per chip would quadruple every three years. [1] 
This prediction became known as Moore’s law and has been remarkably 
followed by the semiconductor industry for the last forty years (Figure 
1 - 1 ). 

Since the early 1990’s semiconductor companies and academia have 
teamed up to predict more precisely the future of the industry. This 
initiative gave birth to the International Technology Roadmap for 
Semiconductors (ITRS) organization.[2] Every year, the ITRS issues a 
report that serves as a benchmark for the semiconductor industry. These 
reports describe the type of technology, design tools, equipment and 
metrology tools that have to be developed in order to keep pace with the 
exponential progress of semiconductor devices predicted by Moore’s law. 
Figure 1.1 shows the evolution of the number of transistors per chip 
predicted by the ITRS 2005 for DRAMs and high-performance 
microprocessors. 

The semiconductor industry’s workhorse technology is silicon CMOS, 
and the building block of CMOS is the MOS transistor, or MOSFET 
(MOS field-effect transistor). In order to keep up with the frantic pace 
imposed by Moore’s law, the linear dimensions of transistors have reduced 
by half every three years. The sub-micron dimension barrier was overcome 
in the early 1980’s, and in 2010 semiconductor manufacturers will produce 
transistors with a 20nm gate length on a regular basis. Since the first 
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integrated circuit transistors were fabricated on “bulk” silicon wafers. At 
the end of the 1990’s, however, it became apparent that significant 
performance improvement could be gained by switching to a new type of 
substrate, called SOI (Silicon-On-lnsulator) in which transistors are made 
in a thin silicon layer sitting on top of a silicon dioxide layer. SOI 
technology brings about improvements in both circuit speed and power 
consumption. In the early 2000’s major semiconductor companies, 
including IBM, AMD and Freescale, began manufacturing 
microprocessors using SOI substrates on an industrial scale. SOI devices 
offer the advantage of reduced parasitic capacitances and enhanced current 
drive. 



O 

• 4 —< 

'(/) 

c 

CO 



Year 


Fig. 1.1. Evolution of the number of transistors per chip (Moore’s law) predicted 
by the ITRS 2005 for DRAMs and high-performance microprocessors. 


1.2 Short-Channel Effects 

As the dimensions of transistors are shrunk, the close proximity between 
the source and the drain reduces the ability of the gate electrode to control 
the potential distribution and the flow of current in the channel region, and 
undesirable effects, called the “short-channel effects” start plaguing 
MOSFETs. For all practical purposes, it seems impossible to scale the 
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dimensions of classical “bulk” MOSFETs below 20nm. If that limitation 
cannot be overcome, Moore’s law would reach an end around year 2012. 

There exists a simple tool, called the Voltage-Doping Transformation 
model (VDT) [3], that can be used to translate the effects of shrinking 
device parameters such as gate length or drain voltage into electrical 
parameters. In the particular case of the Short-Channel Effect (SCE) and 
the Drain-Induced Barrier Lowering (DIBL), the following expressions 
can be derived from the VDT model: [4] 

SCE = 0.64 — 

Cu- 

and 

DIBL = 0.80 — 

where L e i is the electrical (effective) channel length, Vu is the source or 
drain built-in potential, t ox is the gate oxide thickness, Xj is the source and 
drain junction depth and t dep is the penetration depth of the gate field in the 
channel region, which is equal to the depth of the depletion region 
underneath the gate in a bulk MOSFET. The parameter El is called the 
“Electrostatic Integrity” factor. It depends on the device geometry and is a 
measure of the way the electric field lined from the drain influence the 
channel region, thereby causing SCE and DIBL effects. Based on the 
above expressions, the threshold voltage of a MOSFET with a given 
channel length L e! can be calculated using the following relationship: 

V m = V im - SCE - DIBL (1.3) 

where Vth«> is the threshold voltage of a long-channel device. The decrease 
of threshold voltage with decreased gate length is a well-known short- 
channel effect called the “threshold voltage roll-off’. 

As can be seen from these expressions, short-channel effects can be 
minimized by reducing the junction depth and the gate oxide thickness. 
They can also be minimized by reducing the depletion depth through an 
increase in doping concentration. For many years, designers have 
implicitly observed design rules that would ensure the fabrication of 
devices free of short-channel effects. For example, using (x/L el ) 2 = 1/3, 
to/Lei = 1/30 and t dep /L e i = 1/3 we obtain a DIBL of 29 mV at V DS =IV. In 


2 

X 
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modem devices, however, practical limits on the scaling of junction depth 
and gate oxide thickness lead to a significant increase of short channel 
effects and excessively large values of D1BL can quickly be reached. 

1.3 Gate Geometry and Electrostatic Integrity 

Short-channel effects arise when control of the channel region by the 
gate is affected by electric field lines from source and drain. These field 
lines is illustrated graphically in Figure 1.2. In a bulk device (Fig. 1.2.A), 
the electric field lines propagate through the depletion regions associated 
with the junctions. Their influence on the channel can be reduced by 
increasing the doping concentration in the channel region. In very small 
devices, unfortunately, the doping concentration becomes too high (10 19 
cm' 3 ) for proper device operation. 

In a fully depleted SOI (FDSOl) device, most of the field lines 
propagate trough the buried oxide (BOX) before reaching the channel 
region (Fig. 1.2.B). Short channel effects in FDSOl devices may be better 
or worse than in bulk MOSFETs, depending on the silicon film thickness, 
buried oxide thickness, and doping concentrations. Short-channel effects 
can be reduced in FDSOl MOSFETs by using a thin buried oxide and an 
underlying ground plane. In that case, most of the electric field lines from 
the source and drain terminate on the buried ground plane instead of the 
channel region (Figure 1.2.C). This approach, however, has the 
inconvenience of increased junction capacitance and body effect. [5] 

A much more efficient device configuration is obtained by using the 
double-gate transistor structure. This device structure was first proposed 
by Sekigawa and Flayashi in 1984 and was shown to reduce threshold 
voltage roll-off in short-cannel devices. [6-7] In a double-gate device, both 
gates are connected together. The electric field lines from source and drain 
underneath the device terminate on the bottom gate electrode and cannot, 
therefore, reach the channel region (Fig. 1.2.D). Only the field lines that 
propagate through the silicon film itself can encroach on the channel 
region and degrade short-channel characteristics. This encroachment can 
be reduced by reducing the silicon film thickness. 
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Fig. 1.2. Encroachment of electric field lines from source and drain on the channel 
region in different types of MOSFETs: A: Bulk MOSFET; B: Fully depleted SOI 
MOSFET, C: Fully depleted SOI MOSFET with thin buried oxide and ground 
plane; D: Double-gate MOSFET. 


The Voltage-Doping Transformation model can readily be applied to 
fully depleted SOI and double-gate MOSFETs. [8] Using relationships (a) 
and (b), the Electrostatic Integrity factor of a bulk device can be written: 




(1.4) 


The equivalent factor can be obtained for a fully depleted SOI device 
(FDSOI) by noting that the junction depth is equal to the silicon film 
thickness, t Si , and by noting that the gate field in the channel region 
penetrates the entirety of the depleted silicon film, t Si , and extends to some 
depth in the buried oxide, At BO x ■ 
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In a double-gate device, the effective junction depth and the effective 
gate field penetration for each gate is equal to ts/2, which yields: 


1 

1 

b 

*-+. 

Co to 

_ 1 

t ox t Si / ^ 

2 

L 1 T 

T 2 

^el 

hi hi 


These expressions for the Electrostatic Integrity and the associated 
device cross sections are summarized in Figure 1.3. It is clear from 
relationships (1.1) and (1.2) that we want to minimize the El factor in a 
device in order to keep short-channel effects under control. This can be 
achieved by reducing the thickness of the device, either by reducing the 
junction depth, x Jt and the depletion depth, td ep . in a bulk device, by 
reducing the silicon film, t si , and BOX thickness, t BO x, in a fully depleted 
SOI device, or by reducing the silicon film thickness in a double-gate 
MOSFET. From an Electrostatic Integrity point of view, the double-gate 
device has the natural advantage of looking twice as thin the equivalent 
FDSOI transistor. 



Fig. 1.3. Electrostatic Integrity in A: bulk, B: hilly depleted SOI, and C: double¬ 
gate MOSFETs. 

The VDT model has been implemented in a software package called 
MASTAR (Model for Analog and digital Simulation of mos TrAnsistoRs 
[9]). MASTAR has been extensively used in the ITRS 2005 Process 
Integration, Devices and Structures report to calculate the impact of 
transistor scaling on electrical characteristics.[10-11] Figure 1.4 shows 
typical values for DIBL in bulk, FDSOI and double-gate MOSFETs, as a 
function of gate length. Because thin-film SOI devices deliver better 
Electrostatic Integrity than bulk MOSFETs, SOI devices can be used at 
shorter channel lengths while keeping acceptable DIBL values ( e.g. below 
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100 mV). The use of double-gate devices allows one to reduce gate length 
even further. [12-14] 



Gate length (nm) 


Fig. 1.4. Typical drain-induced barrier lowering in bulk, fully depleted SOI 
(FDSOI) and double-gate (DG) MOSFETs calculated by MASTAR. 


Based on short-channel and DIBL considerations, the minimum gate 
length that can be used with the different technologies has been calculated 
with MASTAR and published in the 2005 ITRS. The result of these 
calculations is shown in Figure 1.5 for three different types of CMOS 
circuits: high-performance (HP), low operating power (LOP), and low 
standby power (LSTP) digital circuits. HP circuits are optimized for speed 
performance and feature the smallest available gate length at any moment 
in time, while the LSTP devices place the accent on low leakage currents, 
which necessitates the use of longer-channel devices. 

An important conclusion can be derived from the data presented in 
Figure 1.5: bulk transistors run out of steam once they reach a gate length 
of 15-20 nm. FDSOI can be used until 10 nm, but smaller gate lengths can 
be only achieved by the double-gate structure. 
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Fig. 1.5. Evolution of gate length predicted by the 2005 ITRS for high- 
performance (HP), low operating power (LOP), and low standby power (LSTP) 
digital circuits. 


1.4 A Brief History of Multiple-Gate MOSFETs 

In a continuous effort to increase current drive and better control short- 
channel effects, silicon-on-insulator MOS transistors have evolved from 
classical, planar, single-gate devices into three-dimensional devices with a 
multi-gate structure (double-, triple- or quadruple- gate devices). It is 
worth noting that, in most cases, the term “double gate” refers to a single 
gate electrode that is present on two opposite sides of the device. 
Similarly, the term “triple gate” is used for a single gate electrode that is 
folded over three sides of the transistor. One remarkable exception is the 
MIGFET (Multiple Independent Gate FET) where two separate gate 
electrodes can be biased with different potentials. It is also worth pointing 
out that one device may have several different names in the literature 
(Table 1.1). 




1 The SOI MOSFET: from Single Gate to Multigate 9 


Table 1.1. Device names found in the literature. 

Acronym 

Also known as 

MuGFET (Multiple-Gate FET) 

Multi-gate FET, Multigate FET 

MIGFET (Multiple Independent Gate FET) Four-terminal (4T) FinFET 

Triple-gate FET 

Trigate FET 

Quadruple-gate FET 

Wrapped-Around Gate FET 

Gate-All-Around FET 

Surrounding-Gate FET 

FinFET 

DELTA (hilly DEpleted Lean channel 
TrAnsistor) 

FDSOI (Fully Depleted SOI) 

Depleted Silicon Substrate 

PDSOI (Partially depleted SOI) 

Non-Fully Depleted SOI 

Volume Inversion 

Bulk Inversion 

DTMOS (Dual Threshold Voltage MOS) 

VTMOS (Varied Threshold MOS) 

MTCMOS (Multiple Threshold CMOS) 

VCBM (Voltage-Controlled Bipolar MOS) 
Hybrid Bipolar-MOS Device 


1.4.1 Single-gate SOI MOSFETs 

Figure 1.6 shows the “Family Tree” of SOI MOSFETs and shows the 
evolution from partially depleted, single-gate devices to multi-gate, fully 
depleted structures. Partially depleted silicon MOSFETs are the successors 
of earlier SOS (Silicon-On-Sapphire) devices. PDSOI MOSFETs were 
first used for niche applications such as radiation-hardened or high- 
temperature electronics. At the turn of the century PDSOI technology 
became mainstream as major semiconductor manufacturers started to use it 
to fabricate high-performance microprocessors. The low-voltage 
performance of PDSOI devices can be enhanced by creating a contact 
between the gate electrode and the floating body of the device. Such a 
contact improves the subthreshold slope, body factor and current drive, but 
limits the device operation to sub-lV supply voltages. [15-23] Fully 
depleted SOI devices have a better electrostatic coupling between the gate 
and the channel. This results in a better linearity, subthreshold slope, body 
coefficient and current drive. FDSOI technology is used in a number of 
applications ranging from low-voltage, low-power to RF integrated 
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circuits. There exists a series of textbooks on SOI devices and technology, 
[24-26] as well as on SOI circuit design.[27-29] 



Fig. 1.6. “Family tree” of SOI and multigate MOSFETs. 








1 The SOI MOSFET: from Single Gate to Multigate 11 


1.4.2 Double-gate SOI MOSFETs 

The first article on the double-gate MOS (DGMOS) transistor was 
published by T. Sekigawa and Y. Hayashi 1984.[30] That paper shows that 
one can obtain significant reduction of short-channel effects by 
sandwiching a fully depleted SOI device between two gate electrodes 
connected together. The device was called XMOS because its cross section 
looks like the Greek letter E (Xi). Using this configuration, a better control 
of the channel depletion region is obtained than in a “regular” SOI 
MOSFET, and, in particular, the influence of the drain electric field on the 
channel is reduced, which reduces short-channel. [31 ] A more complete 
modeling that includes Monte-Carlo simulations, was published by Frank, 
Laux and Fischetti in 1992 in a paper that explores the ultimate scaling of 
the silicon MOSFET.[32] According to that article, the ultimate silicon 
device is a double-gate SOI MOSFET with a gate length of 30 nm, an 
oxide thickness of 3 nm, and a silicon film thickness of 5 to 20 nm. Such a 
(simulated) device shows no short-channel effects for gate lengths larger 
than 70 nm, and provides transconductance values up to 2300 mS/mm. 
The first fabricated double-gate SOI MOSFET was the “fully DEpleted 
Lean-channel TrAnsistor (DELTA, 1989)”,[33] where the device is made 
in a tall and narrow silicon island called “finger”, “leg” or “fin” (Figure 
1.7). The FinFET structure is similar to DELTA, except for the presence of 
a dielectric layer called the “hard mask” on top of the silicon fin. [34-38] 
The hard mask is used to prevent the formation of parasitic inversion 
channels at the top comers of the device. 



Fig. 1.7. Examples of double-gate MOS structure: A: DELTA MOSFET; B: 
FinFET. 


Other implementations of vertical-channel, double-gate SOI MOSFETs 
include the “Gate-All-Around device” (GAA), which is a planar MOSFET 
with the gate electrode wrapped around the channel region (Figure 
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1.8.A)[39], the Silicon-On-Nothing (SON) MOSFET,[40-42] the Multi- 
Fin XMOS (MFXMOS) [43], the triangular-wire SOI MOSFET [44] and 
the A-channel SOI MOSFET.[45] It is worth noting that the original GAA 
device was a double-gate device, even though the gate was wrapped 
around all sides of the channel region, because the silicon island was much 
wider than thick. Nowadays, most people use the GAA acronym for 
quadruple-gate or surrounding-gate devices having a width-to-height ratio 
much closer to unity.[46-48] 

The M1GFET (Multiple Independent Gate FET) is a double-gate device in 
which the two gate electrodes are not connected together and can, 
therefore, be biased with different potentials.[49-52,160] The main feature 
of the MIGFET is that the threshold voltage of one of the gates can be 
modulated by the bias applied to the other gate. This effect is similar to the 
body effect in FDSOl MOSFETs.[53] An application using MIGFET is 
signal modulation. A simple square law mixer can be formed using a 
single MIGFET by applying a small RF signal to one gate and a large low- 
frequency signal to the other gate. This single-device modulation is 
possible because the channel is fully depleted and the gates are perfectly 
symmetrical and aligned. This signal modulation circuit reduces transistor 
counts and rail-to-rail transistor stack, making it possible to design 
compact low-power mixers.[54] 


1.4.3 Triple-gate SOI MOSFETs 

The triple-gate MOSFET is a thin-film, narrow silicon island with a gate 
on three of its sides.[55] Implementations include the quantum-wire SOI 
MOSFET (Figure 1.8.B) [56-57] and the trigate MOSFET.[58-59] 

The Electrostatic Integrity of triple-gate MOSFETs can be improved by 
extending the sidewall portions of the gate electrode to some depth in the 
buried oxide and underneath the channel region (Id-gate device [60-61] 
and Q-gate device [62-64]). From an electrostatic point of view, the li¬ 
gate and Q-gatc MOSFETs have an effective number of gates between 
three and four. The use of strained silicon, a metal gate and/or high-k 
dielectric as gate insulator can further enhance the current drive of the 
device. [65-68] 
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Fig. 1.8. A: Gate-All-Around (GAA) MOSFET; B: Triple-gate MOSFET. 


1.4.4 Surrounding-gate (quadruple-gate) SOI MOSFETs 

The structure that theoretically offers the best possible control of the 
channel region by the gate, and hence the best possible Electrostatic 
Integrity is the surrounding-gate MOSFET. The first surrounding-gate 
MOSFETs were fabricated by wrapping a gate electrode around a vertical 
silicon pillar. Such devices include the CYNTEIIA device (circular-section 
device) [69-70] and the pillar surrounding-gate MOSFET (square-section 
device).[71] More recently, planar surrounding-gate devices with square or 
circular cross sections have reported.[72-73] Surrounding-gate SOI 
MOSFETs with a gate length as small as 5 nm and a diameter of 3 nm 
have shown to be fully functional.[74-75] 

To increase the current drive per unit area, multiple surrounding-gate 
channels can be stacked on top of one another, while sharing common 
gate, source and drain. Such devices are called the Multi-Bridge Channel 
MOSFET (MBCFET), [76-77] the Twin-Silicon-Nanowire MOSFET 
(TSNWFET) [78], or the Nano-Beam Stacked Channels (GAA) 
MOSFET.[79] Analytical models for the electrical characteristics of 
cylindrical surrounding-gate MOSFETs can be found in the literature.[80- 
83] 

Schematic cross sections corresponding to the different gate structures 
described in the previous sections are shown in Figure 1.9. 
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Fig. 1.9. Different gate structures. 


1.4.5 Other multigate MOSFET structures 

The Inverted T-channel FET (ITFET) combines a thin-film planar SOI 
device with a trigate transistor (Figure 1.10.A). [84-85] It comprises planar 
horizontal channels and vertical channels in a single device. The devices 
have multi-gate control around these channels. The Inverted T-gate 
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structure has several advantages: the large base helps the fins from falling 
over during processing; it also allows for transistor action in the space 
between the fins, which is left unused in other MuGFET configurations. 
These additional channels increase the current drive. Numerical simulation 
of an N-channel 1TFET reveals different tum-on mechanisms in different 
parts of the device. The comers of the device turn on first, immediately 
followed by the surface of the planar regions and the vertical channel. 
Since each ITFET has about seven comer elements they constitute a 
significant current to each ITFET device and in a well-designed device can 
yield substantially more current than a planar device of equivalent area. 

The bulk FinFET is a FinFET made on bulk silicon instead of an SOI 
wafer. Fins are etched on a bulk silicon wafer and trimmed using an 
oxidation step. Field oxide is deposited to avoid inversion between the fins 
(Figure 1.10.B). Device with fin width down to 10 nm have shown to have 
good punchthrough immunity down to the sub-20nm gate length 
regime. [86-87] 

The multi-channel Field Effect Transistor (McFET) is a modified bulk 
FinFET where a trench is etched in the center of the fm.[88] The trench is 
filled by the growth of a gate oxide and the deposition of gate material. 
This process produces a device having two very thin “twin” fins running 
from source to drain (Figure 1.10.C). 




Fig. 1.10. Cross section of A: Inverted T channel FET; B: Bulk FinFET; C: Multi¬ 
channel Field Effect Transistor. 

The 4-gate transistor (G 4 FET) has two (top and bottom) MOS gates and 
two (lateral) JFET gates. It is operated in accumulation mode and has the 
same structure as an inversion-mode partially depleted SOI MOSFET with 
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two independent body contacts. These lateral contacts play the role of 
source and drain in the G 4 FET, while the junctions are used as lateral 
gates. The current in the body of the device is controlled by the front and 
back MOS gates, and by the two lateral junctions. The height and width of 
the conductive path is modulated by a mix of MOS and JFET effects. Each 
gate has the ability of switching the transistor on and off. [89-91] A model 
for the G 4 FET has been published In the literature.[92] 

1.4.6 Multigate MOSFET memory devices 

SONOS (Silicon-Oxide-Nitride-Oxide-Silicon) devices are non-volatile 
flash memory devices. They are essentially used in mobile applications. 
Flash devices have a small form factor, high storage density and low 
power consumption. For logic applications FinFET type devices are 
known to have good scalability down to 10-nm gate length. The FinFET 
device architecture combined with an ONO trapping layer as gate 
dielectric enables memory cells with feature sizes well below 50-nm. 
SONOS FinFET cells are programmed and erased using Fowler-Nordheim 
tunneling. SONOS FinFET memory devices show excellent functionality 
down to 20 nm channel length. [93-94] As an alternative to the ONO layer, 
nanocrystals embedded within the gate dielectric can be used to trap 
charges and achieve a similar memory effect. FinFET flash memory 
devices with a V TH window larger than 1 volt have been demonstrated 
using silicon nanocrystals embedded in the gate oxide.[95] 

The SOI Zero-capacitor RAM (ZRAM) memory cell consists of a single 
PDSOl transistor in the floating body of which a charge can be stored. 
Such a capacitorless, one-transistor memory cell is, of course much 
smaller than a classical DRAM cell that requires the use of both a 
transistor and a storage capacitor. In the ZRAM memory cell a “ 1 ” binary 
state is stored by biasing the transistor in saturation and injecting holes in 
the floating body. Applying a negative bias to the bit line (device source) 
removes the charge from the floating body and, therefore, stores a binary 
“0” in the device. Since the threshold voltage of the FET varies with the 
charge stored in the body the logic state can easily be read by measuring 
the drain current when the device is turned on. Even though the storage of 
a charge requires a floating body, and, therefore, a partially depleted 
device, it is possible to realize ZRAM cells in fully depleted FinFETs of 
trigate devices. By applying a back-gate bias to the device, a floating body 
can be created at the bottom of the otherwise fully depleted fin and ZRAM 
operation can be activated. [96] Retention times of few tens of milliseconds 
are observed at room temperature on FinFETs with 300 nm channel length. 
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These values suit well typical embedded DRAM specification. FinFETs 
provide better retention characteristics than trigate devices which have a 
retention time of approximately 2 ms. Retention time decreases at shorter 
channel length but even 100 nm devices still show retention time of few 
milliseconds. [97] 

When a positive bias is applied to the underlying silicon substrate (back 
gate) and a negative bias is applied to the gate of a MuGFET, it is possible 
to create an inversion layer at the bottom of the device and accumulation at 
the other interfaces. In that case, the so-called “MetaStable Dip” (MSD) 
effect can be observed, in which the transconductance as a function of the 
gate voltage increases, then drops, and then increases again. This effect is 
time-dependent and presents an hysteresis effect which depends whether 
the gate voltage is scanned in the forward or reverse mode.[98] The 
hysteretic nature of the phenomenon makes it useful for potential single¬ 
transistor memory applications.[99] 

1.5 Multigate MOSFET Physics 

1.5.1 Classical physics 

1.5.1.1 Natural length and short-channel effects 

The Electrostatic Integrity (El), which we know to be related to short 
channel effects, was compared between a bulk transistor, a FDSOI 
MOSFET, and a double-gate device in Figure 1.3. It was shown that the El 
can be improved by reducing the gate oxide thickness and/or by decreasing 
the silicon film thickness (the junction depth in the case of a bulk device). 
We are now going to extend the analysis to all types of multigate 
MOSFETs. 

The potential distribution in the channel of a fully depleted multigate 
MOSFET can be obtained by solving Poisson's equation using the 
depletion approximation: 

d 2 <&(x,y,z) d 2 <$(x,y,z) d 2 ®(x,y,z) _ qN a 0 - 7 ) 

dx 2 dy 2 dz 2 s si 

Let us first understand the meaning of this equation. It can be rewritten 
in the form: 
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dE X (x,y,z) | dE y (x,y,z) ^ dE (x.y.z) (1-8) 

dx dy dz 

This relationship means that, at any point (x,y,z) in the channel, the sum 
of the variations of the electric field components in the x, y and z directions 
is equal to a constant. Thus, if one of the components increases, the other 
ones (or, to be more precise, their sum) must decrease. The x-component 
of the electric field, E„ represents the encroachment of the drain electric 
field on the channel region, and, therefore, short-channel effects. The 
influence of E x on a small element of the channel region located at 
coordinates ( x,y,z ) (Figure 1.11) can be reduced by either increasing the 
channel length, L, or by increasing the control exerted by the top/bottom 

gates. dE y (x,y,z) , Qr ^ j atera j g a t eS) dE Jx,y,z) , on channel. This 
dy dy 

can be achieved by reducing the silicon fin thickness, t si , and/or the fin 

width, W si . In addition, an increase of dE y (x,y,z) + dE : (x,y,z) ? anc p hence, 

dy dz 

in a better control of the channel by the gates and less short-channel 
effects, can also be obtained by increasing the number of gates: 

dE y (x,v,z) can h e increased by having two gates (top and bottom gates) 

dy 

instead of a single gate, and dE z (x,y,z) , is increased by the presence of 

dy 

lateral gates . Figure 1.11 illustrates how the electric field from the gates 
and from the drain compete for the control of the channel. 



Fig. 1.11. Coordinate system and electric field components in a multiple-gate 
device. 
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In the case of a wide single- or double-gate device, we have — = 0, 
and Poisson’s equation becomes: ^ z 

d 2 0(x,y) + d 2 0(x,y) _ qN a (1-9) 

dx 2 dy 2 e si 

Simplified one-dimensional analysis of a fully depleted device yields a 
parabolic potential distribution in the silicon film in the y (vertical) 
direction. [100] Assuming a similar distribution in the v-direction for a two- 
dimensional analysis Poisson’s equation becomes:[101] 

®(x, y) = c a (x) + c, (x) y + c 2 (x)y 2 ( 1 • 10) 


1.5.1.1.1 Single-gate SOI MOSFET 

In the case of a single-gate SOI device the boundary conditions to 
equation 1.10 are: [102] 

1. O(x,0) = O ,(x) = c a (x) where ® f (x) is the front surface potential; 

7 dO (x, v) _ e m O f (x) - ® ^ ^ 

- — t^yx) 

dy y = 0 £ Si Kx 

where O _ = V - V FBF is the front gate voltage, V gs , minus the 
front-gate flat-band voltage, Vfbf- 

3. If we assume that the buried oxide is very thick the potential 
difference across any finite distance in the BOX is negligible in 

the v direction we can write d<t>(x,v) s 0 in the BOX. Therefore, 

dy 

we have: dO(x,y) =c ^ x ) + 2t .c 2 (x) = 0 andthus c , (l) = _5W. 

d y y = t „ ' 2 0 


Introducing these three boundary conditions in equation 1.10 we obtain: 


s ®,(x) —® 

®(x, v) = cp (x) + —-— -— v - 

£ . t 


1 fix) (1.11) 

2 1 .. £ . f 


Substituting equation 1.11 into equation 1.9, and setting y=0, at which 
depth ®(x, v) = ® f {x) we obtain: 
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d 2 <b f (x) 
dx 2 


e m 


£ t t 

SI SI ox 




(1-12) 


Once ® ; (x)is determined from equation 1.12, ®(x,j) can be 

calculated using equation 1.11. Equation 1.12, however, can be used for 
another purpose. If we define: 



(1-13) 


and 


tp(x) = <S> f {x)-<S> 9 + ^-Xi 

^si 

then equation 1.12 can be re-written as follows: 

djpjx) <p(x) _ Q 

dx 2 A[ 


(1.14) 


(1.15) 


This equation has a solution in the form (p(x) = (p {] exp 


+ . 


A, 


where A, 


is a parameter that represents the spread of the electric potential in the x- 
direction. Note that (p(x) differs from O t (x) only by an x-independent term. 
Parameter A] is called the “natural length ” of the device. It depends on the 
gate oxide thickness and the silicon film thickness. The thinner the gate 
oxide and/or the silicon film, the smaller the natural length and, hence, the 
influence of the drain electric field on the channel region. Numerical 
simulations show that the effective gate length of a MOS device must be 
larger than 5 to 10 times the natural length to avoid short-channel effects. 


1.5.1.1.2 Double-gate SOI MOSFET 

In the case of a double-gate device the boundary conditions to equation 
1.10 are: 


1. ® (x,0) = 0(x, t si ) = ® f (x) = c a (x) where 0 / (x) is the front 
surface potential; 
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d®(x,y) _ s m <l> / (x)-0 4 


1^=0 ^ si 


■ = c,(jc) where gs =V gs -V FBF is 


the front gate voltage, V gs , minus the front gate flat-band voltage, 

Vfbf- 


d$?{x,y) 

dv 

J y=t„ 

thus c 2 (x) = 


s m 0,(x)-0 


= c, (x ) + 2 t si c 2 (x) - -q (x) and 


-c,W 


Substituting these boundary conditions into equation (1.15) yields: 

«.(*,>•) = ® /W + 

1 £ t t S t 

SI OX SI SI ox 


(1.16) 


The key difference between this expression and equation 1.10 is that the 
term l/2t si has now been replaced by l/t si . In other words it looks as if the 
double-gate device was twice as thin as the single-gate transistor. The 
natural length of the double-gate device can be derived the same way it 
was done for the single-gate case, which yields: 

(1.17) 



1.5.1.1.3 Quadruple-gate SOI MOSFET 

The original publication on the natural length concept analyzes single- 
and double-gate structures only. The concept can, however, be extended to 
quadruple-gate devices with a square cross section by noting that 

— ^ ® in the center of the device, where the influence of the electric 

dy 2 dz 2 

field lines from the drain on the device body is the strongest. In that case 
the Poisson equation becomes: 

d 2 ®(x,y,z ) d 2 ®(x,y,z) _ qN a (1-18) 

2 ”” ^ 2 
dx* dy ' £ si 


and the natural length is equal to: 



(1.19) 
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The natural length in a cylindrical surrounding-gate device can be found 
in Reference [103]. The natural length corresponding to different device 
geometries are summarized in Table 1.2. 


Table 1.2. Natural length in devices with different geometries. 


Single gate 


.t 

L Sl L ox 

b ox 

Double gate 

A 2=J 

£si t t 

J L Sl L ox 

Lb ox 

Quadruple gate 

A a - I 

^ £ . 

t t 

(square channel cross section) 

i 

4 s* ox 

™ox 



f, 2 / ) , 

Surrounding gate 

2£ sj t*ln 


(circular channel cross section) 

H 

16 £ ox 


The following observations can be made: the natural length (and hence 
short-channel effects) can be reduced by decreasing the gate oxide 
thickness, the silicon film thickness and by using a high-k gate dielectric 
instead of SiCT. In addition, the natural length is reduced when the 
number of gates is increased. In very small devices, the reduction of oxide 
thickness below 1.5 nm causes gate tunneling current problems. Using 
multi-gate devices, it is possible to trade a thin gate oxide for thin silicon 
film/ftn thinning since A is proportional to the product t si xt ox . 

The concept of an “equivalent number of gates ” (ENG) can be 
introduced at this stage. [104] It is basically equal to the number of gates (a 
square cross section is assumed) but is also equal to the number that 

divides fiL t t in the equations defining the natural length, A. Thus we 

S ox 

have ENG=\ for a single-gate FDSOI MOSFET, ENG=2 for a double-gate 
device and ENG=4 for a quadruple-gate MOSFET. ENG=3 for a triple¬ 
gate device and, by some strange twist of fate, ENG is close to tc in a li¬ 
gate device. In the Q-gatc device the value of ENG ranges between 3 and 4 
depending on the extension of the gate under the fin. 
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Fig. 1.12. Maximum allowed silicon film thickness and device width vs. gate 
length to avoid short-channel effects. 

The natural length can be used to estimate the maximum silicon film 
thickness and device width that can be used in order to avoid short-channel 
effects. Figure 1.12 shows the maximum allowed silicon film thickness 
(and device width in a triple-gate device with a square cross section) to 
avoid short-channel effects. The calculation assumes a gate oxide 
thickness of 1.5 nm. It reveals that for a gate length of 50 nm, for instance, 
the thickness of the silicon film in a single-gate, fully depleted device 
needs to be 3 to 5 times smaller than the gate length. If a double-gate 
structure is used, the requirements on silicon film thickness are more 
relaxed and the film needs to be thinned to only half the gate length. [105] 
Further relaxation is obtained using a surrounding-gate structure, where 
the silicon film thickness/width/diameter can be as large as the gate length. 
The film thickness requirements for triple-gate, 11-gate and Q-gate devices 
are located between those for double-gate and surrounding-gate devices. 


1.5.1.2 Current drive 

In a multigate FET the current drive is essentially equal to the sum of 
the currents flowing along all the interfaces covered by the gate electrode. 
It is, therefore, equal to the current in a single-gate device multiplied by 
the equivalent number of gates (a square cross section is assumed) if 
carriers have the same mobility at each interfaces. For instance, the current 
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drive of a double-gate device is double that of a single-gate transistor of 
equivalent gate length and width. In triple-gate and vertical double-gate 
structures all individual fins have the same thickness and width. As a result 
the current drive is fixed to a single, discrete value, for a given gate length. 
To drive larger currents multi-fin devices are used. The current drive of a 
multi-fin MOSFET is equal to the current of an individual fin multiplied 
by the number of fin s (also sometimes referred to as “fingers” or “legs”). 

Let us now compare the current drive of a single-gate, planar MOSFET 
with that of a multi-fin multigate FET having the same gate area, WxL 
(Figure 1.13). Let us assume the planar FET is made on (100) silicon and 
that the surface mobility is jU top . Let us also assume the multigate FET is 
made on (100) silicon and that the top surface mobility is jU rop . The 
sidewall interface mobility may be different from the top mobility, 
depending on the sidewall crystal orientation, usually (100) or (110), and is 
noted fiside-Y 106] 
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Fig. 1.13. A: Single-gate, planar MOSFET layout; B: Multi-fm multigate FET 
layout. 


Considering a pitch P for the fins, the current in the multigate device is 
given by: 

, _ r Op<o P W si + 1p s ,J si (1-20) 

* D ~ * Do n 

PtopP 

where I Do is the current in the single-gate, planar device, W si is the width of 
each individual fin, t si is the silicon film thickness (Figure 1.14); 9=1 in a 
triple-gate device where conduction occurs long three interfaces, and 9=0 
in a FinFET where channels are formed at the sidewall interfaces 
only. [107] 
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Fig. 1.14. A: Cross section of a multi-fin multigate MOSFET; B: SEM picture of 
the fins. 



Fig. 1.15. Normalized current drive of a 50nm-thick FinFET and triple-gate 
MOSFET vs. pitch. IF s =pitch/2; The (lOO)-interface electron mobility is 300 
cm 2 /Vs and the (110)-interface mobility is 150 cm 2 /Vs. Left: t sl — 50nm; Right: 
4,=100nm. 


Figure 1.15 shows the current drive in a multi-fin, trigate MOSFET and 
a multi-fin FinFET as a function of the fin pitch, P, assuming W si =P/2. 
The fin height is either 50nm or 100 nm. The drain current is normalized to 
that of a single-gate planar device occupying the same silicon real estate. 
This figure shows that a multigate device can deliver significantly more 
current that single-gate planar MOSFET, provided a small enough fin pitch 
can be achieved. It also shows the impact of device orientation ((100) or 
(110) sidewalls) on current drive. The current drive can be increased by 
increasing the fin height, t si , but the use of tall fins often raises difficulties 
during device processing. 
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It is worth noting that gate capacitance increases with the Effective 
Number of Gates (ENG). As a result, the gate delay C g V DD /IoN does not 
improve when the ENG is increased. On the contrary, the delay increases 
with the ENG and is, therefore, larger in GAA than in trigate devices and 
larger in double-gate FETs than in single-gate devices.[108] 

1.5.1.3 Corner effect 

Devices with a triple, quadruple, II or Q gate structure present a non- 
planar silicon/gate oxide interface with corners. It has been known for long 
that premature inversion can form in at the corners of SOI structures 
because of charge-sharing effects between two adjacent gates. In 
particular, one can observe the presence of two different threshold voltages 
(one in the corners and at the top or sidewall Si-Si0 2 interfaces), as well as 
a ki nk in the subthreshold Id(Vg) characteristics. [109] The presence of 
comers can degrade the subthreshold characteristics of a device. Avoiding 
that problem is the reason why there is a hard mask at the top of FinFETs. 
To complicate he matter, the radius of curvature of the corners has a 
significant impact on the device electrical characteristics and can decide 
whether or not a different threshold voltage will be measured at the corners 
and at the planar interfaces of the device. 

In classical single-gate SOI MOSFETs, comer effects are purely 
parasitical. They are not part of intrinsic device operation and they can 
usually be eliminated by increasing the doping concentration in the 
comers. In a multigate device, on the other hand, the comers are part of the 
intrinsic transistor structure. Therefore, it is worth understanding the 
relationship and interaction between currents in the comer currents and 
currents in the planar surfaces of the device.[110] To illustrate the comer 
effect, let us use the Q-gate device shown in Figure 1.16. The thickness 
and width of the device are t si and W si , and the radius of curvature of the 
top and the bottom comers is noted r top and r bot , respectively. The gate 
oxide thickness is 2 nm, and t s ,=W s ,=30 nm. Because the gate material is 
N + polysilicon, high doping concentrations have to be used to achieve 
useful threshold voltage values (N-channel device). 

Figure 1.17 presents the simulated dgJdV G characteristics of the 
device at V DS =0.1V for different doping concentrations and a top and 
bottom comer radius of curvature of either 1 or 5 nm. The dg m /dV G 
characteristics have been used by several authors to identify the different 
threshold voltage(s) single- and double-gate SOI devices.[111-114] The 
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humps of the dg„/dVc curve correspond to the formation of channels in the 
device (/. e. they correspond to threshold voltages). 



When the corner radius of curvature is equal to 1 nm the devices with 
the lowest doping concentrations exhibit a single hump, indicating that 
both comers and edges build up channels at the same time. The devices 
with the more heavily doped channels have two humps. The first of these 
two humps corresponds to inversion in the top comers, and the second one 
to top and sidewall channel formation. 



Fig. 1.17. dg m /dVo in the Q-gate MOSFET of Figure 1.16. Gate is N + polysilicon. 
A: r top = r bot = 1 nm; B: r top = r bot = 5 nm. 


When the corner radius of curvature is 5 nm, a single peak is observed 
for all doping concentrations, which indicates that premature comer 
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inversion has been eliminated. In that case all devices reach a subthreshold 
swing of 60 mV/decade over a significant range of their subthreshold 
current. The corner effect can thus be eliminated by using either a low 
doping concentration in the channel, or comers with a large enough radius 
of curvature.[115-117] The general manufacturing trend being to use 
undoped channels in conjuction with a midgap metal gate, the comer effect 
is not expected to pose any problem to the use of MuGFET 
technology.[l 18-120] 

1.5.2 Quantum effects 

The thickness and/or width of multi-gate FETs is reaching values that 
are less than 10 noanometers. Unde these conditions the electrons in the 
“channel” (if we take the example of an n-channel device) form either a 
two-Dimensional Electron Gas (2DEG) if we consider a double-gate 
device or a one-Dimensional Electron Gas (1DEG) if we consider a triple 
or quadruple-gate MOSFET. Consider a double-gate device made in a thin 
silicon film. Adopting the coordinate system used in Figure 1.11, the film 
thickness being t si , electrons are free to move in the x and z direction, but 
they are confined in the y direction. In a thin and narrow triple- or 
quadruple-gate device electrons are free to move in the x direction only, 
and are confined in the y and z directions. This results in the formation of 
energy subbands and in electron distributions in the silicon film that can be 
significantly different from what is predicted by classical theory. In 
particular, inversion layers need not to be localized at the surface of the 
silicon film, but can instead be found in the “depth” of the film, giving rise 
to volume inversion. The confinement of electrons is also at the origin of 
new and previously unexpected mobility and threshold voltage behavior. 

1.5.2.1 Volume inversion 

Volume inversion was discovered in 1987 by Balestra et al. [121] and 
was first observed in double-gate GAA MOSFETs in 1990.[122] Volume 
inversion is a phenomenon that appears in very thin (or narrow) film 
multigate SOI MOSFETs due to the fact that inversion carriers are not 
confined near the Si/Si0 2 interface, as predicted by classical device 
physics, but rather at the center of the film. To correctly predict volume 
inversion one needs to solve both the Schrodinger and the Poisson 
equation in a self-consistent manner. 

Volume inversion can be modeled using a Poisson-Schrodinger solver. 
It was first measured on double-gate devices in 1994 [123-124] and has 
been confirmed by many research groups since. [125-130] Volume 
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inversion can be observed in triple-gate SOI MOSFETs as well.[131-133] 
When a multigate MOSFET operates in the volume inversion regime, the 
electrons form a low-dimensional electron gas (a two-Dimensional 
Electron Gas (2DEG) for a double-gate device and a one-Dimensional 
Electron Gas (1DEG) for a trigate, Il-gate, Q-gatc or surrounding-gate 
FET). As a result, energy subbands are formed. The y'-th electron wave 
function and the corresponding energy level Ej can be found solving the 
Schrodinger equation using the effective mass approximation: 
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and the Poisson equation: 
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in a self-consistent manner. The electron concentration being given by: 
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where p/E) is the density of states as a function of the energy and fFD(E) is 
the Fermi-Dirac distribution function. In a 2DEG the density of states is a 
constant (independent of energy), and in a 1DEG it is a function of 
(e-e )- 1 / 2 .[134-136] Please note that Equation 1.21 is anisotropic and is 
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where the effective masses in * , m * and m* correspond to different valleys 

and depend on crystal orientation.[137] An example of electron 
concentration in double-gate FETs for different silicon film thickness, t si , 
and for Vg>V T h is presented in Figure 1.18.[138] The electron 
concentration in a FinFET, a trigate FET and a gate-all-around device is 
shown in Figure 1.19.[139] In each case one can observe the high electron 
concentration in the center of the silicon film or fin, corresponding to 
volume inversion. A direct consequence of volume inversion is the 
increase of inversion carrier mobility in thin-film devices. 
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Fig. 1.19. Electron concentration profile in a FinFET (A,B), a trigate FET (C,D) 
and a gate-all-around device (E,F) at threshold (A,C,E) and above threshold 
(B,D,F). The vertical scale (electron concentration) is different for each plot. 
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1.5.2.2 Mobility effects 

Volume-inversion carriers experience less interface scattering than 
carriers in a surface inversion layer. As a result an increase of the mobility 
and transconductance is observed in double-gate devices. Furthermore, the 
phonon scattering rate is lower in double-gate devices than in single-gate 
transistors. The dependence of mobility on film thickness in double-gate 
MOSFETs is illustrated in figure 1.20. In thick films there is no interaction 
between the front and the back channel and there is no volume inversion. 
The mobility is identical to that in a bulk MOSFET. If the film gets thinner 
volume inversion appears and the mobility is increased because of reduced 
Si-SiOa interface scattering. 



Fig. 1.20. Mobility vs. silicon film thickness in a double-gate transistor. 

In thicker films the inversion carriers are concentrated near the 
interfaces, but in thinner films most of the carriers are concentrated near 
the center of the silicon film, further away from the interface scattering 
centers (Figure 1.18), which increases their mobility. In very thin silicon 
films, however, the inversion carriers in the volume inversion layer do 
experience surface scattering because of their physical proximity to the 
interfaces, and mobility drops with any decrease in film thickness.[140- 
142] 


1.5.2.3 Threshold voltage 

Classical theory predicts that the threshold voltage decreases in a fully 
depleted SOI MOSFET when silicon film thickness is decreased, assuming 
the doping concentration N a is held constant.[143] This is due to the 
reduction of depletion charge qN a t si in when the film thickness is deceased. 
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When the film thickness is below 10 nm, however, the depletion charge is 
very small and can usually be neglected. On the other hand, two non- 
classical contributions to threshold voltage have to be taken into account. 
The first contribution comes from the fact that the concentration of 
inversion carriers needs to be bigger that what classical theory predicts in 
order to reach threshold. Thus the potential & in the thin silicon film is 
larger than the classical 2Q F . The second contribution arises from the 
splitting of the conduction band splits into subbands: the mimimum energy 
of the subbands (and thus the minimum energy in the conduction band) 
increases when the film thickness is decreased, which increases the gate 
voltage needed to reach any particular inversion carrier concentration. This 
also causes the threshold voltage to increase. This quantum phenomenon 
was first reported in 1993 by Omura et al. [144-145] and has since been 
confirmed and measured by several research groups.[146-149] 


In the particular case of a double-gate device, and neglecting any 
potential variation in the silicon film {0=0), Equation 1.21 can be used to 
find the minimum energy of the first conduction subband. The solution to 
Equation 1.21 is: 
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The energy of the lowest subband is found by letting n=l\ 
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where E co is the classical, “three-dimensional” minimum energy of the 
conduction band. The threshold voltage of a single-gate device can be 
derived from the basic capacitance relationship: 
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In a lightly doped (ideally undoped), fully depleted device, the depletion 
capacitance can be neglected, such that: 

C =C (1-28) 

inv ox 


Under the same conditions, and in subthreshold operation, the inversion 
charge and capacitance in a double-gate device are given by: 
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where 0 is the potential in the channel and the coefficient 1/2 is due to the 
double gate. Using relationships (1.28) and (1.29) we can write: 


Q = —2C — 
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(1.30) 


Combining (1.29) and (1.30), potential 0 can be found. Adding the 
workfunction difference between the gate and the silicon film, 0 M s, and 
the increase of bandgap (1.25) to the channel potential, we find the 
threshold voltage: [150] 
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The first term of (1.31) is the workfunction difference between the gate 
and the silicon film. The second term of the equation represents the 
potential 0 in the channel. It is inversely proportional to the silicon film 
thickness t si . In very thin films, 0 can be significantly larger than 20 F , 
and as a result, the inversion carrier concentration at threshold can be much 
larger in a thin-film device than in a thicker one.[151] 



Fig. 1.21. Threshold voltage dependence on silicon film thickness in a long- 
channel, lightly-doped/undoped double-gate transistor. The lower curve represents 
the “classical part of Equation (1.31) and the upper curve includes quantum- 
mechanical considerations. 
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This increase of threshold voltage is correctly predicted by classical 
simulators since it does not involve the Schrodinger equation. The third 
term of (1.31) is related to the variation of the minimum energy in the 
conduction band with silicon film thickness, which can only be predicted 
through quantum-mechanical calculations (Figure 1.21). 

A similar increase of threshold voltage is observed in trigate, IT-gate, Q- 
gate and GAA transistors when the section of the silicon fin is reduced. 
Both an increase of threshold voltage and inversion carrier concentration at 
threshold are observed when the fin section is reduced. The effect is 
predicted by classical simulation using Poisson's equation, but the increase 
of Vjh is more dramatic when Schrodinger's equation is also used. Figure 
1.22 shows the drain current vs. gate voltage in trigate transistors with 
various fin width and height values.[152] Clearly, the threshold voltage 
increases as the cross sectional area of the device is reduced. 



Fig. 1.22. Drain current vs. gate voltage in trigate MOSFETs with different cross 
sections. Devices are simulated using either Poisson's equation only (P) or a 
Poisson+Schrodinger solver (P+S). V DS = 50 mV, t ox = 2 nm, N a = 5xl0 17 cm' 3 . 
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1.5.2.4 Inter-subband scattering 

The formation of subbands in thin or narrow multigate FETs is at the 
origin of some interesting electrical properties that are not observed in 
classical devices. The Density of States (DoS) in the conduction band of 
trigate MOSFETs is shown in Figure 1.23.A for a fin width of 5nm and a 
fin height of 5 nm. In that case the DoS is clearly one-dimensional as is 
constituted by a succession of peaks, each followed by a distribution in the 

shape of l/V^ .[153-155] Each peak corresponds to an individual 
subband. Figure 1.23.B shows the DoS in the same structure, but for a fin 
height of 100 nm. Since t si » W si the device now exhibits the staircase-like 
DoS distribution that is characteristic of a two-dimensional electron 
gas.[156] 



Fig. 1.23. Density of states in the conduction band of a trigate MOSFET in strong 
inversion. A: ID DoS distribution calculated for t s j=W si =5 nm, and B: 2D DoS 
distribution calculated for 4,=100nm and lT v; =5nm. The 3D DoS is shown for 
comparison. 

Inter-subband scattering occurs between electrons that belong to 
different energy subbands. These scattering events reduce the electron 
mobility. By definition, there is no intersubband scattering if only one 
subband is occupied, which occurs right above threshold. 

As the gate voltage and the electron concentration are increased, 
however, a larger number of subbands become populated, and scattering 
occurs between electrons belonging to different subbands. If the 
temperature is not too high (compared to AE/k, where AE is the energy 
separation between two subbands, and k is Boltzmann's constant) and if the 
drain voltage not much larger than AE/q, inter-subband scattering 
phenomena can be directly observed in the form of oscillations of drain 
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current amplitude when the gate voltage is increased. This effect can be 
seen in Figure 1.24, in which each “dip” of the curve corresponds to a 
reduction of mobility caused by scattering due to the population of each 
new subband. This effect is more pronounced at low temperature, but can 
be observed at room temperature provided the cross-section of the devices 
is small enough. Table 1.3 shows the maximum temperature and maximum 
drain voltage at which current oscillations due to inter-subband scattering 
have been experimentally observed in MuGFETs. 



Gate Voltage (V ) 


Fig. 1.24. Drain current vs. gate voltage for different temperature and drain 
voltage values. The amplitude of the curve for V DS =50mV is multiplied by a 
factor 200|iV/50mV=0.004 to fit in the same graph as the curves measured at 
V DS =200|iV. 


Table 1.3. Subband energy separation, AE, maximum temperature and drain 
voltage at which current oscillations due to intersubband scattering have been 
observed. 


Wsi X t s [ 

AE 

Temperature 

Drain voltage 

Reference 

45nm x 82nm 

0.15 meV 

28 K 

0.2 mV 

157 

1 lnm x 58nm 

1-2 meV 

300K 

1 mV 

158 

6nm x 6nm 

35 meV 

5 K 

100 mV 

159 

6nm x 6nm 

35 meV 

200K 

50 mV 

159 
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2.1 Introduction 

Manufacturing a self-aligned double-gate MOSFET has been the holy 
grail of device engineers and researchers ever since it was proposed by 
Sekigawa and Hayashi in 1984.[1] The first modern self-aligned vertical 
multi-gate MOSFET was called DELTA (fully DEp leted Lean channel 
TrAnsistor).[2] This device was proposed by D. Flisamoto et al. in 1989. 
Figure 2.1 shows a cross section of the DELTA MOSFET. 



Gate 

Si 

Gate 







Oxide 

Bulk Si Substrate 


Fig. 2.1. DELTA MOSFET [1-2], The oxide under the Si fin was formed through 
LOCOS oxidation while the Si fin was protected by the nitride hard mask and a 
nitride spacer prior to the oxidation process. 

The two key features of the DELTA MOSFET are: 1) front and back 
MOSFET gates are inherently self-aligned and 2) the channels are on the 
sidewall of the silicon body/fm. The compatibility of the DELTA FET 
with existing planar CMOS processing is the main reason why it was 
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adopted as the mainstream multi-gate structure. FinFETs, Tri-gate and 
n/O gate devices have all evolved from of this original concept [3-8]. 

The critical fabrication steps in the front-end processing of a multi-gate 
MOSFET include, sequentially: 1) fin formation, 2) gate stack formation, 
3) source and drain extension implant, 4) spacer formation, 5) epitaxial 
raised source/drain formation, and 6) deep source/drain implantation and 
activation anneal. 

The fabrication flow of a Tri-gate MOSFET on an SOI substrate is 
shown in Figure 2.2. The SOI silicon top layer ( T si ) thickness defines the 
fin height ( Fin height )• The fin pattern and the critical dimension of fin 
width {Fin mDTH ) can be defined by optical lithography or by spacer image 
transfer {SIT) [9-10], followed by plasma etching. 

After fin etch, the fin sidewall surfaces are rough. Therefore, oxidation 
and FE annealing are often used to smooth the sidewalls. [11-12] Next, the 
gate dielectric is grown and metal gate is deposited. It is suitable to tune 
the threshold voltage {V t /,) of the MOSFET by using a gate material that 
has the appropriate effective workfunction rather than by doping the 
channel. Sections 2.3, 2.5 and 2.6 will show that it is highly desirable to 
have intrinsic or lightly doped channels. 

Since the gate stack is over the fin topography, a planarization step is 
desirable to flatten the gate surface, which reduces the burden on 
photolithography and gate etch. Significant overetch of the gate material is 
required to clear the bottom of the fins. As a result, the gate etch must 
have a high selectivity to the gate dielectric on top of the fin, if one wants 
to avoid damage to the fin during gate etch. Source and drain (S/D) 
extensions are formed after gate patterning using low-energy and large-tilt 
angled implants.[13-14] Next, S/D offset spacers are formed along the 
sidewalls of the gate and fin. The sidewall spacers on the fin s are 
subsequently removed to expose the fin to grow raised source and drain 
using selective epitaxy.[13-15] The raised source and drain structure helps 
to reduce the parasitic resistance associated with thin fins.[13] 

The rest of this chapter is divided into sections according to multi-gate 
device fabrication sequences. Section 2.2 covers fin formation, Section 
2.3 describes gate stack structures, Section 2.4 describes source and drain 
formation and Section 2.5 highlights mobility and strain engineering. 
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FitlyviDTH 



Starting SOI Material; fin patterning and etch. Define Finwmm ; the fin 
height is the thickness of the silicon top SOI layer. 



Gate Stack deposition and planarization 


Gate length 



Gate etch and source and drain extension implant 



Spacer formation and selective epitaxal growth. Removing the spacer on the 


sidewall of the fin while keeping the gate spacer is a critical step. 


Fig. 2.2. General Fabrication Sequence of a Tri-gate MOSFET. 
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2.2 Active Area: Fins 


2.2.1 Fin Width 

As the MOSFET gate length, L g , continues to shrink, year after year, the 
drain starts to compete with the gate electrode for control of the channel 
potential. The resulting “short-channel effects” (SCE) are: 1) higher sub¬ 
threshold leakage, 2) a threshold voltage (V,/,) roll-off, and 3) a form of 
punch-through between the drain and source when V DS is equal to the 
supply voltage.[16] 

To reduce the drain influence in the channel, scaled planar bulk 
MOSFETs and PDSOI MOSFETs rely on: 1) gate oxide thickness 
reduction and 2) higher channel doping. The use of a thinner gate oxide 
increases the gate-to-channel capacitance. A higher channel doping 
concentration reduces charge sharing between the gate and drain in the 
channel, and it creates a large potential barrier between source and drain. 

Flowever, in modem MOSFETs, direct tunneling current through the 
gate dielectric prevents further scaling of the gate oxide thickness. The use 
of high channel doping concentrations reduces carrier mobility and 
increases Gate Induced Drain Leakage (GIDL).[17-18] 

Another way to control SCEs is to use two or more gate electrodes and a 
thin, fully depleted semiconductor body. The idea is to create a large 
potential curvature in the source and drain direction by introducing a large 
electrical field gradient in the direction vertical to the gate. The key 
parameter in this approach is the thickness of the thin, fully depleted 
semiconductor body. In the case of the multi-gate technologies, the fin 
width is the thickness of the thin, fully depleted semiconductor body. 

Chapter 1 introduced a powerful concept called natural length, 2, with: 


A = 



for a double-gate MOSFET 


( 2 . 1 ) 


2 is a measure of the short-channel effect. It represents the distance of 
penetration of the drain electric field in the channel. A small value 2 is 
desirable to minimize the SCE. 
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X is proportional to the square root of the product of the device body 
thickness t si , (or Fin width in multi-gate technology) and gate oxide 
thickness t ox . Thus, one can trade off t ox scaling with Fin mDTH reduction. 
This approach is not possible for bulk or PDSOI MOSFETs.[17] 

In a double-gate MOSFET, the center of the fin is the furthest away 
from the gate electrodes. Therefore, gate control is the weakest at this 
point. Should punchthrough occur, it would be in the center of the fin. [20] 
This implies using a slightly different boundary condition than Equation 
2.1, which assumes the punch through is along the channel surfaces. 


In this section, we will derive a new value for X based on the 
assumption that punchthrough occurs in the center of the channel. The 
new X has the same physical meaning as Equation 2.1, but it can better 
explain some of the experimental results shows later in this section. We 
will use the same coordinate system as in Figure 1.11. Starting with 
Poisson’s equation, we can write: 

d 2 P(x,y,z) | d 2 d>(x,y,z ) | d 2 P(x,y,x) _ qN sub ( 2 - 2 ) 

dx 2 dy 2 dz 2 s si 


For single-gate or double-gate devices 
reduced to: 


d(f) 

dz 


= 0 , such that Equation 2.2 is 


d 2 Q(x,y) | d 2 Q(x,y) _ qN sub ( 2 -3) 

dx 2 dy 2 £ si 

Assuming a parabolic potential distribution in the y-direction [21] we can 
write: 


0(x, y) * c 0 (x) + Cj (x)y + c 2 (x)y 2 

dO(x,y) 


(2.4) 


We now apply the boundary condition 


dy 


y= o 


= 0 at v = —. 
' 2 


which yields: 

s O (x) - O 

0(x, v) = ®, (x) + - 


1 gqx 0 *( X )-°g.y y 2 (2.5) 
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where O v (x) is the front- and back-surface potential and 
(D gs = V gs - V FBF is the front gate voltage V gs minus the flat-band voltage, 
Vfb- Since the potential at the center of the fin, O r (x), is the most relevant 
to SCE, we extract a relationship between O c (x) and ® s (x) from 2.5 by 
t 

substituting y = — as follows: 


O s (x) = 


) _|_ ^OX ^ si 

4 £■ t„ r 


r £ t ' 

0 c ( x ) + -^—^-0 


gS 

si ” ox J 


4 £. t 


(2.6) 


Expressing O (x,y) as a function of ® c (x) we obtain: 


0(x,v) = 


£ V £ V 
| _|_ ox s _ ox s 


2 A 


£si iox £si ^ox^si J 


0> (X)+ (J) 

c 4 £ t k 

_ si ox 

F t 
J _|_ 1 si 

4£. t 


tox_y _ ( ^ 

£t 8S £ t t S$ 

V 1 ox ^ si 1 ox 1 si J 


Substituting 2.7 back in 2.3 we get: 


d 2 ® c (x) , ^ 


dx 1 A~ 

where natural length X is now written: 




A = 


£„, 


2s 


OX V 


1 + j£^_k \ t J 
4£ r ; t„. 


(2.7) 


( 2 . 8 ) 


(2.9) 


Numerical simulations in [17] show that for reasonable short-channel 
effect control, the gate length needs to be 5-10 times greater than X. 


We have established a theoretical relationship between L g and X. For a 
device designer, it would be more relevant to establish a guideline for the 
L g to t si ratio to control short-channel effects. Equation 2.9 does not 
separate the effects of t si and t ox . To walk around the problem, let us 
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assume a good SCE control can be achieved with L g = nX, where n is some 
arbitrary number. We now have: 


hL = X = 

n V 2a 


1 + 


OX \ 


gqx 

4 fi, L-y 


\t t 

' SI OX 


( 2 . 10 ) 


In the limiting case when L g = 0, we can write: 




1 + ^^L=0 

2s [ 4s t 

^ c ox v ^ G si l ox y 


(2.11 A) 


which implies: 


t = -4—Z-t 

SI o. 


(2.1 IB) 


The right-hand term of Equation 2.1 IB represents the intercept point of the 
L g vs. Fin W i DTH plot for L g = 0. Thus, one can define an effective fin width, 
FinW e ff, as: 


FmW eff 


= Fin + 4 —t 

1 ln WIDTH T ^ 1 o: 


( 2 . 12 ) 


Equation 2.12 shows that the impact of gate oxide can be considered 
equivalent to a constant offset of physical fin width. The validity of 
Equation 2.12 was demonstrated in reference [22], Fig 2.3 shows contours 
of subthreshold swing on a L g vs. Fin wlDTH plot with 48 devices having 6 
different Fin width values and 8 different gate lengths. Each line represents 
a fixed short channel effect control. Since all devices have the same gate 
oxide (1.6nm oxynitride), they all intercept L g =0 at the same point. This 

£ 

point is approximately equal to - 4 t ox . 


Figure 2.4 shows the experimental double-gate FinFET results of 
Lg/FinW e ff vs. subthreshold swing (or Subthreshold Slope, SS).[22] If we 
assume that a SS value of 90mV/dec is acceptable, then Lg/FinW e ff is ~ 
1.5. A triple-gate MOSFET with enhanced gate electrostatic control of the 
channel provides a lower L g /Fin width ratio than a double-gate FinFET for a 
same SCE control.[23] L,JFin wmT n as low as 1.0 was reported for O-Gate 
devices in [8]. It is worthwhile noting that the minimum feature size in 
multi-gate technology> is the fin width (Fin width), and not the gate length. 
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Physical Gate Length, L g (nm) 

40 60 80 100 120 140 160 



Effective Gate Length L e „ (nm) 

Fig. 2.3. Subthreshold swing contours for NMOS FinFET devices, Vj= 0.1V. 
FinwiDTH varies from 20nm to 82.5nm in steps of 12.5nm, physical gate length; 
varies from 70nm to 157.5nm in steps of 12.5nm. Contours are extrapolated with 
dotted lines to a common origin.[22] Copyright© 2001 IEEE. 



Fig. 2.4. Measured subthreshold swing vs. L^FinW e ff. FinwiDTH varies from 20nm 
to 90nm; L s varies from 30nm to 120nm. The subthreshold slope is shown for both 
for Vj=0.1V and 1.5V.[22] Copyright© 2001 IEEE. 
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2.2.2 Fin Height and Fin Pitch 

Having understood the requirements on Fin mDTH for SCE control, let us 
look at how fin pitch and fin height affect the drive current. For a double¬ 
gate FinFET, the channels are on the sidewalls of the fins. The effective 
channel width is thus equal to: [24] 


W e jf 2 n Fin HE1GHT (2.13) 

Where n is an integer number that is equal to the number of fins in a 
device. W eff of multi-gate devices can only be increased or decreased by a 
discrete amount equal to 2 x Fin height .[25] 


The fin pitch, P FIN , is the spacing between the fins plus the fin width. 
P FIN is limited by the lithography pattern capability. Exactly one fin can be 
placed in one P F1N . Therefore, the effective channel width per pitch is 
2xFin HEIGHT . Figure 2.5 shows the layout comparison between a planar 
device and a FinFET. For the planar MOSFET, the effective device 
channel width, W e jj, is equal to the footprint on the substrate, Wf oot . For 
FinFET, W eff is related to W/ ool through: 


W 

W =2 Fin foot 

rr eff ln HEIGHT „ 

*FIN 


(2.14) 


If we want the FinFET layout to be "competitive”, we need W e //> Wf 00t , or: 


2 Fin > P 

ln HEIGHT — 1 FIN 


(2.15) 
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Fig. 2.5. Layout comparison between a planar MOSFET and a typical FinFET. 
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The analysis of the tri-gate channel width is further complicated by the 
“volume inversion” or “bulk inversion” effect reported in [26]. For thin 
fins, the inversion charge is not limited to the device surfaces. A large 
portion of the inversion charge is in the bulk of the fins, even at high gate 
voltages. Thus, without activating the top gate, multi-gate devices already 
have a significant charge at the top surface of the fins. Figure 2.6 shows 
the two-dimensional numerical simulation of carrier density on the top 
surface of 1) a tri-gate, 2) a double-gate and 3) a FinFET with a hard mask 
on top of the fin. 



Fig. 2.6. Davinci prediction of on-state electron density along the top fin surface 
at the center of the channel (x =1/2 L e g). DG stands for double gate. TG stands for 
tri-gate. Due to bulk inversion, the electron density on the top fin surface for DG 
FinFET is comparable to that in the TG device [26], Copyright© 2005 IEEE. 

Due to this “bulk inversion”, the effective width, A W e //, of the top gate in 
a tri-gate MOSFET is only a fraction of the physical top gate width. 
Numerical simulation in [26] shows A W e ff is a function of fin height and fin 
width. 

For tri-gate devices, Equation 2.12 becomes: 2 Fin HEIGHT + A W eff > P FIN 

Fins can be defined by conventional photolithography and reactive ion 
etch. Fins with width less than 20nm have been reported with 193nm dry 
photolithography processing.[27-28] Figure 2.7 shows the TEM cross 
section of some of these fins.[27-31] Continuing advances in lithography 
pitch and line dimension, including emerging 193nm photolithography and 
Extreme UV (EUV) lithography pave the way for further Fin width and P FI n 
reduction. 
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NiSi Gate 


T ox = 1.6nm 


Ta = 25tim 


27nm 


W Si =23nm 


TiSiN 


Buried Oxide 


Fig. 2.7. Cross-sectional TEM of fins under gates, a) [27] Copyright© 2006 IEEE, 
b) [28] Copyright© 2002 IEEE, c) [29] Copyright© 2004 IEEE, d) [30] 
Copyright© 2005 IEEE, e) [31] Copyright© 2006 IEEE. 


To increase the current drive per unit Wf 00t , we can increase Fin height, or 
reduce Pfin- Both options have practical limitations. Increasing Fin height 
undermines the fin stability and increases the difficulty of gate patterning. 


■ 


■ 


0.2 |jm 















60 Weize (Wade) Xiong 


Pfin is limited by the optical lithography capability. In order to improve 
P FIN beyond optical lithography capability, spacer-defined fin patterning 
has been proposed.[32] Figure 2.8 shows the general concept. First a 
sacrificial pattern is defined with conventional optical lithography. Then 
spacers are formed on the sidewalls of the sacrificial pattern through thin 
film deposition and anisotropic reactive ion etch (RIE). The sacrificial 
pattern is subsequently selectively removed leaving the remaining spacers 
to serve as hard mask for fin etch. 


Sacrificial Spacers 


Patterns 

1 J 

1 

c ft : 

i j j 

Silicon 


Buried Oxide 

■ ( 



Fins Spacers 



Fig. 2.8. Illustration of a spacer-defined fin formation process. 



Fig. 2.9. SEM pictures of three progressive spacer-defined fin formation 
processes, a) initial optical lithography of sacrificial pattern, b) after first spacer 
imaging; c) after second spacer imaging; and d) after third spacer imaging. The 
final pattern pitch is 6 times smaller than the optical lithography pitch. Reprinted 
WITH PERMISSION FROM [33], COPYRIGHT 2003 AMERICAN INSTITUTE OF PHYSICS. 
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There are two advantages to spacer-defined fin formation. First, it 
doubles the number of fins for a given lithography pitch, i.e .: it reduces the 
fin pitch to half of the lithography pitch. In fact, when the spacer process is 
used twice, the pitch can be reduced by a factor of four. Figure 2.9 shows 
the SEM images of spacer imaging technique progressively being used 
three times.[33] Second, the fin width is defined by the thickness of 
deposited film, which has the potential to 1) be narrower than a 
lithography-defined fin, 2) have better CD control and 3) have reduced 
line-edge roughness. [32] The disadvantage of spacer-defined fin is that a 
clean-up mask is required to remove the fins where designers do not want 
them.[25] CMOS FinFET devices have been successfully fabricated using 
this imaging technique. Successful conversion of a planar microprocessor 
design into a spacer-defined FinFET microprocessor was also 
demonstrated in [25]. 

2.2.3 Fin Surface Crystal Orientation 

Electrons and holes mobility depends on the orientation of the silicon 
surface as well as on the current flow direction.[34-36] Figure 2.10 shows 
the measured surface mobility of electrons and holes as a function of the 
inversion layer charge density.[37] For electrons, the highest mobility 
surface is (100) and the lowest mobility surface is (110). For holes, the 
(110) surface has the highest mobility and the (100) surface has the lowest 
mobility. Electrons and holes at a (111) surface have mobilities laying 
somewhere between those at (100) and (110) surfaces. The origins of the 
above differences are due to the anisotropy of effective mass and surface 
scattering. [3 5,3 6] 



Fig. 2.10. Effective surface mobility of electrons and holes as a function of 
inversion layer charge density, for different surface orientations. [3 7] Copyright© 
2003 IEEE. 
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Multi-gate MOSFETs have been fabricated on all 3 major Si surfaces 
[27,32,19]. The directions of the current flow for the respective surfaces 
are <100> for (100), <110> for (110) and <112> for (111). (110) Fin 
sidewall surfaces are made by patterning fins at 0 or 90 degrees with 
respect to the <110> notch on silicon wafers with a (001) surface 
orientation. This layout style is the same as for conventional planar 
devices. (100) fin surfaces are made by rotating the fin layout by a 45 
degree angle with respect to the <110> notch direction. Figure 2.11 shows 
the layout directions of (100) fin surfaces and (110) fin surfaces.[38] 
Alternately, the Si top layer of the SOI wafers can be rotated by a 45 
degree angle with respect to the substrate during bonding, to have the 
(100) surface fin layout at 0 and 90 degrees and the (110) surface at a 45 
degree rotation. [39] 



(110) Notch 

Fig. 2.11. Fins with (110)/<110> and (100)/<100> surfaces/directions can be 
readily made using standard Si substrate by rotating the fin layout by 45 degrees. 

Having fin s with both (110) and (100) surface orientation on the same 
chip allows one to optimize electron (NMOS) and hole (PMOS) mobility 
simultaneously. The price to pay for such devices is an increased layout 
area [41] and a higher photolithography process complexity. Optimizing 
optical lithography lines at 0, 90 and 45 degree angles is challenging. 
Figure 2.12 shows the comparison of a 6-transistor SRAM cell layout 
containing both (110) and (100) fins directions (mixed layout) with a 
standard layout with only one fin orientation. The mixed layout results in 
a 16.6% larger cell area. [41] 
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Fig. 2.12. 6-transistor SRAM cell layout comparison: standard layout (right) and 
layout with NMOS pull-down transistors rotated by 45 degrees (left).[41] 
Copyright© 2005 IEEE. 



Fig. 2.13. Cross-sectional TEM of a (11 l)-surface sidewall fin. The smooth 
rectangular shaped fins were formed using surface-orientation dependent wet etch 
chemistry.[19] Copyright© 2003 IEEE. 


The formation of (111) surface fins on (110) surface SOI substrates has 
been demonstrated.[19,42] In this experiment, fin patterns were aligned 
parallel to the <112> direction. The advantage of the (111) surface fin s is 
that very smooth and straight fins can be formed by a wet etch process. 
The (111) surface silicon has an extremely low etch rate in 
tetramethylammonium hydroxide (TMAH) solution, compared with other 
crystallographic planes. The etch rate ration at 50°C for (110) planes 
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versus (111) planes is 20:1. Thus, after initial plasma fin etch, an 
additional wet etch in TMAH can ensure very straight and smooth (111)- 
surface fins. Figure 2.13 shows the TEM of a smooth and vertical (111)- 
sidewall surface fin. One can appreciate the nearly perfect rectangular 
shape of the fin. The smoothness of the (111) surface fin using surface 
orientation dependent wet etch chemistry is very attractive. Flowever, the 
drawback of this technique is that (111) surface carriers mobility is rather 
low. Furthermore, the mobility enhancement with strain engineering is not 
currently as well characterized on (111) as on the other two surfaces. 
Strain engineering will be further discussed in Section 2.5. 

2.2.4 Fin Surface Preparation 

The fin surfaces exhibit significant roughness right after plasma etch. In 
addition, the fin corners are shaip. Gate oxide grown on these surfaces is 
prone to defects and localized thinning. Without proper treatments, silicon 
crystal defects such as twin formation in the fin corners could happen. [40] 
Shaip corners also result in a kink in the subthreshold region if the fin 
doping level is high.[43] Such kinks are caused by parasitic comer devices, 
which have a lower threshold voltage than the sidewalls due to the higher 
electrical field in the comers. The fin corner problem is similar to the 
parasitic STI edge device effect that can be found in planar CMOS 
technologies. 

Carrier mobility along the fin sidewalls without treatment is rather 
poor. [44] The simplest way to repair surface roughness and damage from 
the plasma etch is through oxidation. The requirement for fin sidewall 
smoothing oxidation is similar to STI liner oxidation. It is desirable to 
have conformal oxidation with a growth rate that is insensitive to the fin 
surface orientation. In-Situ-Steam-Generated (ISSG) rapid thermal 
oxidation has such desired properties.[45-46]. ISSG typically uses pressure 
above 5 Torn. Flydrogen and oxygen are introduced simultaneously into 
the chamber. The reactants remain as free species (0 2 and IF) until they 
reach the wafer surface, where heat induces a local reaction. 0 2 and F^ 
react to form steam and oxygen radicals. The unstable oxygen radicals 
promote further oxidation. As a result, the oxidation is conformal and has 
no surface orientation preference. In addition, ISSG has the advantage of 
being insensitive to the doping level in the silicon and it provides better 
comer rounding than conventional oxidation. 

The sacrificial smoothing oxide is typically removed using a hydro¬ 
fluoride (FlF)-based isotropic wet etch step. [40] Some of the buried oxide 
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in the SOI substrate is etched at the same time as the sacrificial oxide. As 
a result, buried oxide recesses below the bottom fin surface and creates the 
n/O-shaped gate (See Fig. 2.8a). I I/Q-Gate MOSFETs take advantage of 
such buried oxide recess to improve the gate electro-static control of the 
channel.[7-8] However, such a recess can undermine the fin stability if the 
fin width is scaled below lOnm. 

H 2 annealing is another way to smooth the fin surfaces and round the 
comers. H 2 annealing has been shown to: 1) improve electron mobility, 2) 
reduce gate leakage and 3) lower 1/f noise.[l 1,12,47] The H 2 annealing 
process conditions have a great impact on the final shape of the fins. If the 
temperature is too high and/or the pressure is too low, the Si fins can 
agglomerate and break. The narrower the fins, the more sensitive they are 
to the H 2 annealing conditions. 

2.2.5 Fins on Bulk Silicon 

The fins we described so far are fabricated on SOI wafers. MuGFETs 
can also be made on bulk silicon wafers.[48-53] In some references they 
are called body-tied FinFETs or bulk FinFETs. The main advantages of 
using bulk silicon over SOI substrates are 1) lower wafer cost and 2) better 
substrate heat transfer rate. However, bulk multi-gate MOSFET require 
additional isolation steps, which increase the cycle time and cost. 
Furthermore, the fin height of bulk-based multi-gate devices are entirely 
determined by the fin etch step. This puts more pressure on etch variation 
control, since any fin height variation translates into transistor width 
variation. 

The control of the electrical potential by the gate in bulk fins is as good 
as in their SOI counterparts. But underneath the fin, in bulk devices, the 
source and drain have to be separated by heavy channel stop implants to 
prevent sub-surface punchthrough. As a result, multi-gate devices made on 
bulk silicon suffer from higher source and drain diode leakage and higher 
junction capacitance than devices made in SOI. 

The bulk silicon under the fin can be accessed by a body contact. But 
the body factor of a bulk FinFET is very low, since the electrostatic 
potential inside the fins is dominated by the gate, not by the body. 
Therefore, body bias is not effective in changing the threshold voltage of a 
bulk multi-gate MOSFET. Figure 2.14 illustrates the general fabrication 
process of a bulk MuGFET. 
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Fig. 2.14. General process flow for making a FinFET on a bulk silicon bulk wafer, 
a) Fin etched in bulk silicon, the initial Fin HEIGHT is greater than final device 
Fin HEIGHT to allow some STI (Shallow trench Isolation) oxide, b) STI oxide 
deposition and planarization, c) STI oxide recess to expose silicon fin with desired 
FinHEIGHT. d) Channel stop and Well implants. Channel stop is needed to 
prevent the source and drain punch through below the fin in the bulk silicon. 

2.2.6 Nano-wires and Self-Assembled Wires 

The ultimate MOSFET structure is a cylindrical wire-like gate all- 
around device, as show in Figure 2.15. This structure provides the best 
electrostatic control of the channel by the gate [54]. The natural length, 2, 
for such a device is given by Equation 2.16. 



(2.16) 
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where t si is the diameter of the wire. To keep short-channel effects under 
control, t si shrinks with gate length. When t si is below lOnm, the device 
structure is typically called a “nanowire MOSFET”. 


D 



Nano wire 

Fig. 2.15. Illustration of a silicon nanowire transistor. The gate stack is wrapped 
around the semiconductor nanowire, a is the radius of the nanowire. 


Because the nanowire transistor has a cylindrical cross section, its 
capacitance can no longer be calculated using a simple parallel-plate 
model. Considering Figure 2.15, the inversion charge in the nanowire can 
be approximated by a charge sheet on the outer surface of the wire. The 
charge on the gate is on the inner wall of the gate electrode. The 
capacitance can be obtained by calculating the voltage drop across the gate 
oxide. Applying Gauss’s law to an infinitely long cylinder one can find the 
electrical field outside the cylindrical wire: 

0 ( 2 - 17 ) 


Where Q is the charge per unit length at the surface of the wire, and r is 
the radius of the wire. The voltage drop across the gate oxide can be found 
by integrating the electrical field along a radial line: 


AV = -0— f -dr = —0— ln(-) 
2 7T£ 0 r Ja r 2 ne m r a 


(2.18) 


where a is the nanowire radius, and b =a+t ox ■ The capacitance per unit 
gate length is: 
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c _ Q 2ns a 


(2.19) 


T AK H-) 

a 


Converting Equation 2.19 to a capacitance per unit area of the nanowire 
surface, we obtain: 


C _ 2 ns t 
~A~ 


2 s n 


( 2 . 20 ) 


na ln(—) a ln(—) 
a a 


Equation 2.20 indicates the effective gate capacitance of the nanowire 
transistor is a function of the nanowire radius as well as the gate oxide 
thickness. This relationship can be exploited to reduce the effective gate 
oxide thickness without using higher k dielectric. As an example, a 
nanowire MOSFET with a=4nm, t ox = 2nm, the effective gate oxide 
thickness is 1.62nm. The above calculation does not take bulk inversion or 
quantum-induced volume inversion effects into account. In those cases, 
the effective nanowire radius is decreased, since the charges are not 
limited to the nanowire surface. 


Silicon nanowires can be made with conventional patterning described 
in section 2.2.2. A circular cross section can be made by first removing 
the buried oxide below the silicon, and then rounding of the wires to an 
approximately circular cross section can be achieved using H 2 
annealing. [29] 



Fig. 2.16: Twin Si nano wires formed through stress-limited oxidation. A hard 
mask is needed to keep the Si island region from oxidizing. The presence of Si 
island at the end of the wires is needed to anchor the wires. 
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A twin-wire structure has been made using stress-limited oxidation of 
tall fins. The stress-limited oxidation oxidizes the wire slower than planar 
silicon, which produces a final structure comprising two Si wires, one on 
the top of the fin, and the one other at the bottom of the fin (Figure 2.16). 
It is important to protect the source and drain region during the oxidation. 
After removing the oxide, two silicon wires are formed.[55] Twin 
nanowires can also be formed by oxidation using doping-dependent 
oxidation rate effects.[126] 


The formation of high-density, self-assembled nanowires has been 
demonstrated using cylindrical-phase diblock copolymers.[56] The 
polymer has the ability to divide a lithographic pattern ( W) into integer 
number of sub-unit with a distance, /, between cylinders. I is intrinsic 
length of the polymer which determine the number of sub-units (n) fits in 
W. The relationship between n and l is defined by Equation 2.21. 


- 2 

" s i } 


( 2 . 21 ) 
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Fig. 2.17: Self-assembled nanowire formation. The initial lithothography-defined 
pattern on an SOI wafer (a,b) is divided into self-aligned patterns by cylindrical- 
phase diblock copolymers (c). d) PS template formation for plasma etching (e). 
The remaining PS features are used as mask to etch the silicon nanowires (f). 


The self-assembly process is illustrated in Figure 2.17. The sidewalls of 
the lithography-defined trench initiate the assembly of the polymer 
domain. In Reference 56, diblock copolymers composed of 70% 
polystyrene (PS) and 30% poly (methyl-methacrylate) (PMMA) (70:30 
PS:PMMA) with total molecular weight Mn=64 kg/mol are shown to form 
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hexagonal lattices of 20 nm diameter cylindrical PMMA domains (/ =35 
nm) in a matrix of PS. After film assembly, PMMA is removed from the 
half-cylinder domains by immersing the substrate in acetic acid. Plasma 
etch is then used to define the Si nanowires. 

2.3 Gate Stack 


2.3.1 Gate Patterning 

This section presents the process steps used in the gate formation of a 
multi-gate MOSFET. The topography created by the fins presents many 
challenges. One of these challenges is illustrated in Figure 2.18: 
photoresist has a surface planarization effect when deposited on a non- 
planar topography. The wavy gate material stepping over the fins results in 
different photoresist thickness along the width of the transistor. The 
photoresist critical dimension (CD) after exposure is a function of the 
resist thickness. This effect is known as “swing curves”. Without gate 
planarization, gate CD will vary periodically through the entire width of 
the device, with a period equal to the fin pitch (Figure 2.18). Therefore, 
the use of a planarized gate is highly desirable. 

c c c 




Fig. 2.18. Patterning gate on an irregular topography results in wavy gate CD due 
to the variation in resist thickness. A planarization step is required. 
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The gate etching process must also be adjusted to account for the fin 
topography. Gate etch first reaches the fin top surface, then over-etch is 
required to clear all of the gate material between the fins. The overetch 
must be selective to the gate dielectric material for tri-gate type devices. A 
hard mask on top of the fin can help to protect the fins from gate etch. 
Additional isotropic etch is required for O-gate devices in order to clear 
the gate material in the undercut region of the fin (Figure 2.19). 
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Fig. 2.19. The key aspects of the gate etch are the ability to etch the gate material 
between the fins without damaging the fin (a,b), the removal of the gate material 
in the undercut region between the fin and buried oxide (c). 


2.3.2 Threshold Voltage and Gate Workfunction Requirements 


The threshold voltage of a long-channel MOSFET, V„ is classically is 
defined by Equation 2.22.[57] 




( 2 . 22 ) 


where Q ss represents the charges in the gate dielectric, C ox is the gate 
capacitance, & ms is the workfunction difference between the 
semiconductor and the gate electrode, 0 f is the difference between the 
semiconductor Fermi level E F and the intrinsic semiconductor Fermi level 
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E Fi , and Of is the Fermi potential, given by Equation 2.23 for P-type 
silicon: 



kT 

q 


N 

ln(—) 
n, 


(2.23) 


In a planar bulk MOSFET, strong inversion occurs when the band 
bending (surface potential) at the semiconductor surface reaches 2 Of. Q D 
is the depletion charge in the channel. In a fully depleted double-gate 
MOSFET Q d is given by Equation 2.24. 

1 . (2.24) 

Qd ~ q~^Fi n wiDmN a 


Let us now examine if this V, definition is applicable to ultra-thin body 
devices. Let us assume a metal gate electrode with a worklunction equal to 
the middle of the band gap of the silicon. The silicon body is doped p-type 
with A r a =2xl0 15 /cm 3 . The fin cross section is llnm x 60nm and the gate 
dielectric is 1.8nm-thick Si0 2 . Let us also keep in mind that for llnm fin 
width quantum effects on V, are negligible. The Fermi potential, Of, can be 
calculated by Equation 2.23 and is equal to 0.33V at room temperature. 
Since the gate material has a midgap workfunction O ms = - Of and 
Equation 2.22 becomes: 


V. = (p, + - — 

c„ c 


(2.25) 


Considering the width of the fin, the total depletion charge Q D 
contributes 0.05mV to Equation 2.25. If the gate dielectric charge Q ss is 
under lxl0 12 /cm 2 , the contribution to Equation 2.25 is less than a few fiV. 
Thus, V, from Q D and Q ss is negligible compared to Of. We can conclude 
that V, in our example should be equal to 0.33V. But this is 0.12V less 
than experimentally observed using maximum g m method in reference 
[58]. 


This discrepancy is due to the estimation of the surface potential at the 
threshold of inversion in thin-body devices. For undoped ultra-thin body 
devices, the availability of inversion charges is quite limited when the 
surface potential is at 20 f . The surface potential at the onset strong 
inversion (and thus at threshold) is higher than 20 f . Therefore, Equation 
2.22 needs to be modified: 
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(2.26) 


where V inv represents the additional surface potential to 2<P/ that is needed 
to bring enough inversion charge into the channel for the transistor to 
reach threshold. Several publications tackle the issue of modeling V inv . 
V inv is a function of fin width and doping concentration. The narrower the 
fin and the lower the doping level, the higher the value of V inv . The use of 
wide fins and higher doping concentration reduces V inv and brings 
Equation 2.26 closer to Equation 2.22.[58-60] 


The contribution of the depletion charge Q D to the threshold voltage is 
negligible unless the doping concentration is very high. Therefore, the 
threshold voltage of a MuGFET is primarily determined by the effective 
workfunction of the gate stack (the workfunction of the gate electrode and 
the charges in the gate dielectric or at the interfaces). Figure 2.20 shows 
the required gate stack workfunction for various devices. 

Threshold Voltage vs. Gate Work Function 



Fig. 2.20. Gate workfunctions for different device types. High Performance (HP) 
and Low Power (LP) planar bulk MOSFETs need workfunctions close to the 
silicon band edges, while HP and LP multi-gate MOSFETs need workfunction 
values close to the midgap of the silicon. 

For high-performance CMOS, where low threshold voltages are desired, 
a two-workfunction metal gate system is required. For n-channel FETs, 
the workfunction needs to be ~200mV below the midgap of the silicon. 
For p-channel devices, the workfunction needs to be ~200mV above the 
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midgap of silicon. In low-power CMOS, a single midgap metal gate 
system can be used to obtain a symmetrical threshold voltage for n-channel 
and p-channel devices at approximately ±350mV.[58] 


2.3.2.1 Polysilicon Gate 

Heavily doped polysilicon gates have an effective workfunction close to 
the band edges. For depletion-mode operation, if N + poly is used for the 
NMOS devices, V t is less than zero, and if P + poly is used for PMOS 
devices, their V t is greater than zero. These values are not suitable for 
standard digital applications. 

To obtain more acceptable threshold voltage values, attempts have been 
made to place an N + poly gate on one side of the fin and a P + poly gate on 
the other side.[22,62] The resulting device is commonly referred to as an 
asymmetrical double-gate FinFET. Figure 2.21 illustrates the process used 
to make an N + /P + poly-gate FinFET. Two high-tilt-angle gate implants 
were used to dope the gate on one side of the fin N + and the other side P + . 
This process requires a thin polysilicon gate and tall fin s so that an implant 
“shadow” effect can be used to prevent sidewall gates from receiving both 
implants. The threshold voltages observed experimentally in [22] are 
0.15 V for NMOS transistor sand -0.1V for PMOS devices. 



Si0 2 


Si Substrate 


Fig. 2.21. N + and P + asymmetrical poly-gate formation. Large-tilt-angle gate 
implant is employed to dope the gates on one side of the fin N + , and the other side 
P + . The implant shadowing effect created by the tall fin helps to achieve this 
result. 
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The advantage of such an approach is that the gate material is familiar to 
semiconductor manufacturing. The disadvantages are: 1) higher Gate 
Induced Drain Leakage (GIDL) due to the high offset workfunction on one 
side of the gate [63,64] (more on GIDL in Section 2.3.1.4); 2) V, is not 
tunable through gate stack; 3) P + poly-silicon gate is not compatible with 
high-K gate dielectrics due to Fermi level pinning [65,66] and; 4) there is a 
poly depletion effect which increases the effective oxide thickness. 

2.3.2.2 Metal Gate 

The use of a metal gate eliminates the poly depletion problem. It 
increases carrier mobility by reducing the transverse electrical field at a 
given gate overdrive. Metal gate and high-K dielectrics are key scaling 
enablers for all MOS technologies. Integrating metal gate electrodes into 
the MOSFET front-end processes is difficult. One of the main reasons is 
most metals are not compatible with high-temperature (>1000°C) 
processing. 

Some metal nitrides are stable at very high temperatures, on the other 
hand. Examples are TiN, TiSiN, TaN and TaCN. The workfiinctions of 
these metals after high-temperature annealing are typically between 4.4eV 
to 4.7eV, depending on: 1) the layer thickness, 2) alloy composition, 3) 
crystal orientation and 4) on the gate dielectric material. Metal nitrides are 
not suitable gate materials for planar CMOS, but they do have the right 
workfunction for low-power, multi-gate CMOS applications, and have 
thus been used to fabricate multi-gate MOSFETs.[67] The digital circuit 
performance of MuGFET made with TiN and TiSiN has been 
demonstrated to exceed the planar technology with similar gate length (see 
Chapter 7). 

The integration of metal nitride with multi-gate devices is 
straightforward. A thin layer of metal nitride is deposited either by Atomic 
Layer Deposition (ALD) or by Chemical Vapor Deposition (CVD). ALD 
and CVD give conformal step coverage of the fin sidewalls, which is 
important for high aspect ratio fins. The metal layer is then covered with a 
thick polysilicon capping layer for gate patterning. The polysilicon 
capping layer serves as a planarization medium and reduces gate resistance 
after silicidation (Figure 2.18). 

2.3.2.3 Tunable Workfunction Metal Gate 

For high-performance CMOS applications, gate stacks with 
workfunctions at +/- 200mV away from the silicon midgap are sufficient to 
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set the threshold voltages, but this requires integrating two or more 
workfunction metal gate systems onto the same chip, one for N-channel 
transistors and one for P-channel devices. 

Several integration schemes have been proposed to produce gates with 
tunable workfunction materials: Fully Silicide (FUSI) metal gate, metal 
layer inter-diffusion, the use of multiple metal thicknesses, and nitrogen- 
implanted molybdenum (Mo) gates. 

2.3.2.3.1 Fully Silicided Metal Gate (FUSI) 

The use of Fully Silicided (FUSI) metal gate on multi-gate device was 
first reported in [68]. FUSI metal gates are formed through a silicidation 
process after the dopant activation anneal, which avoids the problem of 
compatibility issues of the metal gate with front-end thermal cycles. 
Figure 2.22 illustrates the general principle of FUSI metal gate formation 
on a planar device. 



source and drain silicide 
a. 



source and drain silicide 


Fig. 2.22. Planar MOSFET Fully Silicided (FUSI) metal gate fabrication concept. 

The front-end process, up to the gate silicide formation step, is the same 
as for a standard polysilicon gate device. After source and drain activation 
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and silicidation, a layer of filling dielectric material is deposited and 
polished until the gate is reached. Then, a thick layer of metal (usually Ni 
or Co) is deposited on top of the gate. After proper thermal anneal, the gate 
is completely silicided all the way to the gate dielectric. Any unreacted 
metal is then stripped off using a wet process. 


The FUSI gate used in a multi-gate MOSFET fabrication process is 
similar to that used for planar devices. Due to the differential gate poly 
thickness caused by the fin topography, however, the deposited Ni needs to 
be thick enough to form a silicide layer all the way to the buried oxide. It is 
important to control the formation a uniform silicide phase throughout the 
gate and keeping the Ni from diffusing though the gate dielectric (Figure 
2.23). 


Ni 
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Fig. 2.23. Multi-gate FUSI metal gate formation, a) after metal deposition and b) 
after silicide formation. Fin topography creates differential gate poly thickness 
between the fin top and fin bottom. The silicide formation front first reaches the 
fin top, and must continue to the bottom of the fin. The silicide phase uniformity 
throughout the gate thickness must be controlled and metal diffusion through the 
gate dielectric through the extended silicidation process must be limited. 












78 Weize (Wade) Xiong 


The most commonly used silicides, NiSi and CoSf, have workfunctions 
near midgap. In order to adjust the workfunction, a high concentration of 
dopant is implanted into the polysilicon prior to the gate silicide formation. 
The effect of dopants on the final effective workfunction of FUSI gate 
depends on the type of gate dielectric used: on a nitrided gate oxide, 
boron- and aluminum-doped FUSI have been reported to increase the 
workfunction up to 4.9eV, while phosphorus, arsenic and antimony can 
reduce the workfunction down to 4.2eV. [66-68] 

The origin of such effective workfunction changes with pre-doped poly 
silicon is a dopant segregation effect that occurs during silicide formation. 
Doping atoms have much smaller solid solubility in NiSi than in 
polysilicon. As Ni consumes Si to form NiSi, dopants in the polysilicon 
start to segregate out and are pushed toward the gate dielectric interface. 
When the silicon in the gate is completely consumed and transformed in 
NiSi, an extremely high concentration of dopant is formed at the interface 
between the silicide and the gate dielectric, which alters the effective 
workfunction of the gate stack. 

The “dopant segregation” effect is less pronounced on high-K 
dielectrics. Boron doping has little impact on the workfunction due to 
Fermi level pinning. [72], The use of nickel-rich silicides can help to 
reduce the Fermi level pinning. A workfunction of 4.85eV was achieved 
with Ni2Si.[73] Extremely high concentrations of Ytterbium in NiSi was 
used to move the workfunction up to 4.22eV.[74] Unfortunately, the 
simultaneous integration of multi-phase Ni silicides on the same chip is by 
no means an easy task. 

2.3.2.3.2 Metal Nitride Thickness and Nitrogen Content 

The effective workfunction (EWF) of TiN and TiSiN has been found to 
change with the thickness of the layer.[75,76] Up to 250mV workfunction 
shift were observed when TiN thickness was increased from 3nm to 20nm. 
The workfunction saturates at mid band gap for TiN layers thicker than 
20nm. TiSiN has a workfunction that varies from 4.44eV to 4.83eV when 
the layer thickness is increased from 2.5nm to 20nm.[77,78,127] 
Similarly, the workfunction of TiSiN saturate at 20nm (Figure 2.24). The 
origin of the workfunction shift with TiN and TiSiN thickness is the 
effective nitrogen content in the metal. The top portion of the TiN is 
oxidized and become nitrogen deficient. For thin TiN layers, a relatively 
Ti-rich TiN is formed, which yields a lower workfunction value. 
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Fig. 2.24. TiSiN effective workfunction as a function of the TiSiN film thickness 
and gate dielectric materials. REPRINTED WITH PERMISSION FROM [17]. 
COPYRIGHT 2006 AMERICAN INSTITUTE OF PHYSICS. 

The effective workfunction of molybdenum (Mo) varies with the 
nitrogen content in the metal.[79] Molybdenum is a good candidate for 
gate material because its high melting temperature (2623°C) makes it 
compatible with CMOS processing. In addition, it has a low resistivity.[80] 
The workfunction of Mo is 4.9eV. Nitrogen implant can reduce the Mo 
effective workfunction to 4.5eV. The amount of workfunction shift is a 
function of the implanted nitrogen dose and the thermal anneal done after 
the implant. Low nitrogen implant energy should be used to avoid 
penetration of nitrogen ions in the gate dielectric. 



2.3.3 Gate EWF and Gate Induced Drain Leakage (GIDL) 

Gate Induced Drain Leakage (GIDL) is caused by band-to-band 
tunneling in the drain region under the gate. [81-84] When there is a large 
drain-to-gate bias, enough band-bending occurs in the Si at the gate 
dielectric interface, causing valence band electrons to tunnel into the 
conduction band. In the case of n-channel devices, the generated electrons 
flow to the drain while holes flow to the lowest potential electrode, i.e. to 
the source. 
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The band-to-band tunneling current is a function of the total electrical 
field in the drain overlap region, and a function of the bandgap of the 
semiconductor.[85-86] For direct-bandgap materials, Jgidl can be modeled 
by Equation 2.27. 


_ 

Jgidl ~ J^tot ex P(~ ) 

^TOT 


(2.27) 


where A is a pre-exponential parameter given by Equation 2.28 and B is a 
physically-based exponential parameter given by Equation 2.29. E TO t is 
the electrical field at point the maximum band-to-band tunneling. 


A = 


2qm r 7iE 2 

1 ? 


(2.28) 


B = 



(2.29) 


E g is the energy bandgap of the semiconductor channel. E g has a strong 
influence on the band-to-band tunneling current. E TO t depends on 1) the 
doping profile of the drain overlap region, 2) the gate oxide thickness and 
3) the applied bias. CMOS scaling requires an abrupt doping profile and a 
thin gate dielectric. Both of these requirements increase E TOT and the 
GIDL current. Figure 2.25 illustrates the GIDL current component in the 
Id(Vg) curve of a device. GIDL is most pronounced at large negative gate- 
to-drain biases. 


A large component of the E TOT is the surface electrical field E s . E s is 
defined by Equation 2.30. If we ignore the doping gradient effect, 
Equation 2.30 is the E TOT . 

E _ V DG - V FB -1.2 (2.30) 

5 3 T ox 

where Vqd is the drain to gate bias and V FB is the flat-band voltage. 
Equation 2.30 is not directly applicable to double-gate devices, since E s 
depends on the silicon body thickness.[87] The transverse electric field is 
reduced when the silicon film thickness is decreased. Fully depleted 
double-gate devices have lower surface electrical field than planar bulk 
MOSFETs and FDSOI devices. 
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Fig. 2.25. GIDL current as a function of gate voltage and gate electrode 
workfunction. Using a higher gate effective workfunction shifts the Ij(Vg) curve 
to the right and increases the GIDL current at any given gate voltage. [67] 

Equation 2.30 indicates that the flat-band voltage partially determines 
E s . Vfb for mid-band gap metal gate is, by definition, different from 
heavily doped poly-silicon gate by half a bandgap, E/2. Thus, the use of a 
midgap metal gate will cause a higher electric field and a higher GIDL 
current. A simple way to inteipret the change in GIDL caused by the use 
of different gate workfiinctions is shown in Figure 2.25. Using a gate 
material with a higher workfunction shifts the entire I/Vg) curve to the 
right. As a result, for any given gate-to-drain voltage, the midgap metal 
gate will give rise to a higher GIDL. In principle, the use of a thin-body, 
double-gate structure reduces the surface field, while the use of a midgap 
metal gate increases E s . The final GIDL performance is determined by the 
overall device design. 

The generation of GIDL current is limited to the drain overlap region 
under the gate. The amount of overlap plays an important role in 
determining the total current. If the drain is pushed away from the gate 
edge and if no drain-to-gate overlap exists (underlap), the electrical field is 
reduced significantly. Several papers have suggested improved I on vs. I 0 f f 
performance can be obtained in MuGFETs with drain underlap.[88-90]. 
Such a design can reduce GIDL to negligible values compared to 
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subthreshold leakage. Figure 2.26 illustrates the source and drain underlap 
structure concept. 




Fig. 2.26. a) Drain overlap MOSFET: GIDL occurs in the overlap region; b) Drain 
underlap MOSFET: Drain is moved away from the gate. As a result, the electrical 
field and the GIDL current are reduced. 


2.3.4 Independently Controlled Gates 

It is possible to fabricate FinFETs in which the two gates can be biased 
independently.[91-94] These devices are commonly called Multiple 
Independent Gate MOSFETs (MIGFETs) or 4 terminally-driven MuGFET 
(4T-MuGFET). The four terminals are the source, the drain, Gate 1 (Gl) 
and Gate 2 (G2) (see Figure 2.27). 4T-MuGFET enables the threshold 
voltage of Gl to be raised or lowered by G2 to achieve a higher range of 
loifloff performance (Figure 2.28). The 4T-MuGFET structure can be 
particular useful in power management, where high I 0 ,/I 0 ff ratio header and 
footer transistors are used. 

The relationship between the threshold voltage of Gate 1, V tG1 and G2 
bias can be modeled by Equation 2.31.[95] This is a simplified model, 
since it uses a charge sheet approximation of the channel carrier 
distribution. It also ignores SCE and quantum mechanical effects. 
Nevertheless, Equation 2.31 gives a simple way to understand how the Gl 
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threshold voltage changes with G2 bias. C ox i is the G1 gate oxide 
capacitance and C ox2 is the G2 gate oxide capacitance, C Fin = £ S i/Fin WIDTH is 
the depletion capacitance of the silicon fin. 

A Vt r , C F C , 3 1, (2.31) 

av G2 ~ 

c oxl (C Fin F C ox 2 ) 3t ox2 + Fin WIDTH 
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G1 G2 

S 

fin 


Fig. 2.27. 4T-MuGFET, Gate 1 (Gl) and Gate 2 (G2) are electrically isolated 
from one another. This configuration allows for the independent biasing of Gl 
and G2. 



Fig. 2.28. 4T-MuGFET drain current as a function of Gl voltage (V GJ ) and G2 
voltage (V G2 ). Vq 2 affects the 1q vs. V gj curves. 
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Further analysis of the W tGl jW G1 relationship by Zhang et al. [96] 

reveals that V G / and V c: both control the charge density and the inversion 
charge centroid position in the fin. The change of inversion carrier centroid 
position within the fin changes the effective thickness of t oxl(e fj) and 
Fin W iDTH(eff). Equation 2.32 can be modified based on the position of the 
inversion layer charge centroid in the fin, x c , where 0< x c < Fin width- 


A Vt Gl 

W G2 


3 1 


ox\(eff) 


3(7 


ox l 


r, 

+ T> 


3t + Fin 

ox 2 ^ 1 1 n WIDTH (eff) 


-’Kx2 ( Fin wlD m x c ) 


(2.32) 


To fabricate a 4T-MuGFET, the gate material on top of the fin needs to 
be removed to provide electrical isolation between G1 and G2. Chemical 
Mechanical Polishing (CMP) can be used, providing a fin hardmask is in 
place to stop the CMP before it starts to etch the fin. This approach 
converts all the devices on the chip to 4T-MuGFETs (Figure 2.29). If only 
some devices on the chip need to become 4T-MuGFETs, a photo mask 
step must be employed to selectively open the area just on top of the fin. 
In this case, plasma etch is used to remove the gate material. The etch end 
point signal can be provided by the fin hardmask. 


Fin Hardmask 


/ 





Gate 

c 

Gate 





BOX 



CMP Stop on Fin Hardmask 



Fig. 2.29: Fabrication of a 4T-MuGFET: The unwanted gate electrode material is 
removed by Chemical Mechanical Polishing (CMP). The fin hardmask serves as 
CMP etch stop. 












































2 Multigate MOSFET Technology 85 


2.4 Source/Drain Resistance and Capacitance 

2.4.1 Doping the Thin Fins 

Since multi-gate channels are on the sidewall of the fins, the source and 
drain should be uniformly doped along the sidewalls to avoid variable 
parasitic resistances across fin height. Large-angle, two-pass, tilted 
implants are widely used to dope the source and drain extensions and the 
deep source and drain. Figure 2.30 illustrates the implant process. Two 
adjacent fins will cast implant shadows on each other. The maximum tilt 
angle that is allowed while avoiding that the shadow effect blocks the 
implant from reaching the adjacent fin is limited by the fin height and the 
fin spacing. It is given by Equation 2.33: 



Fig. 2.30. Tilted S/D implant. 


If the fin top surface is exposed to the implantation, as in Figure 2.30, 
the top portion of the fin will receive two implants. Furthermore, if the 
implant tilt is less than 45 degrees, the incident angle of the ion beam for 
the top surface is higher than for the sidewalls. Thus, the top surface will 
receive a higher implant dose and the dopants will penetrate deeper. This 
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results in lower resistance for the top portion of the fin and smaller 
effective channel length for the top portion compared to the bottom 
portion. Figure 2.31 illustrates this effect. 



Fig. 2.31. Illustration of the impact of tilted implant on the doping profile in the 
fin. The darker color represents a higher doping concentration. Double implants 
on the top of the fin result in non-uniform doping concentration and resistance. 

Larger tilt implant angles can reduce the problem [97], but the best way 
to dope the fin uniformly is through isotropic implant. Pulsed Plasma 
Doping (PLAD) has been developed for high throughput, sub-lkeV 
implants. The ion incident angle distribution can be scattered depending 
on process parameters to achieve isotopic implantation. Details on the 
PLAD implant technique can be found in [98]. 



Fig. 2.32. SSRM profile of a PLAD implanted fin. The doping uniformity of the 
fin top and fin sidewall is not perfect, but it is better than what can be achieved by 
45 degree tilt implant.[100] Copyright© 2006 IEEE. 
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Scanning Spreading Resistance Microscopy [99] has been used to study 
the 2-dimentional resistance distribution of the fin cross section, which can 
be used to approximate the doping profile. Figure 2.32 shows the SSRM 
scan of a fin that was implanted with a PLAD process. The resistance ratio 
between the sidewall and fin top surface is 1.4. This is better than the 2:1 
achieved by 45 degree tilted implant. [100] 


2.4.2 Junction Depth 

The physical Fin WIDTH limits the maximum junction depth in a multi¬ 
gate MOSFET to one half of the fin width. Therefore, the junction depth 
is no longer limited by implant energy and thermal cycle. It is still 
important to control the implant energy and thermal cycle of multi-gate 
MOSFET, since dopants will move laterally. The lateral movement of the 
dopants determines the source and drain overlap or underlap, and 
therefore, the effective channel length. Furthermore, the parasitic 
resistance is highly dependent on the junction abruptness and doping 
gradient in the source and drain extension. Smaller gradients and abrupt 
junctions reduce the extension resistance, but increase short channel 
effects. 


2.4.3 Parasitic Resistance/Capacitance and Raised Source 
and Drain Structure 

In Section 2.2.1 we have shown that in order to maintain a good SCE 
control, fin width needs to be less than the gate length. Continued scaling 
of the CMOS will inevitably push the fin width below 20nm. Sources and 
drains made in such thin fins have a high resistance. 

One way to reduce this resistance in the source and drain regions is to 
widen the fin outside the gate area by selective epitaxial growth (SEG) 
(Figure 2.34).[13,101] The resulting structure is commonly referred to as 
Raised Source and Drain (RSD). The RSD structure reduces the Rsd 
component of the parasitic resistance, however, R ext , the resistance in the 
source and drain extension regions under the gate spacer (Figure 2.33) 
remains high due to the thin fin. Placing the raised source and drain closer 
to the gate reduces R ext , but increases the parasitic capacitance C ext . To 
optimize the AC performance, design trade-off between R ext and C ext is 
required. The advantage of the raised source and drain structure is not just 
limited to Rsd reduction. It also gives more process margin to form 
silicided source and drain and gives a larger contact landing area. 
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Fig. 2.33. The raised source and drain structure reduces the R S d but increasess C ext . 

The RSD process integration is complicated by the gate spacers left on 
the sidewalls of the fin s (Figure 2.34a). Spacers on the sidewall of the fins 
must be removed prior to epitaxial growth. One way to remove the fin 
sidewall spacers is to use a gate hardmask taller than the fins. In this 
approach, dry etch can remove all the spacers on the sidewall of the fins, 
while leaving enough hardmask and spacer on the gate (Figure 2.34).[13] 


Fin spacers 



a) 

Gate spacer 


Gate 



Fig. 2.34. Parasitic fin spacers are formed at the same time as gate spacer. The fin 
spacer must be removed prior to RSD growth process. 
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It is important to leave enough gate spacers and gate hardmask to 
prevent “mushroom” and “Mickey Mouse Ears” defects from forming. 
“Mushroom” formation happens when the gate hardmask is completely 
removed from exposing the gate to surface to SEG. “Mickey Mouse Ears” 
happens if the gate top comers are exposed during SEG. Both “mushroom” 
and “Mickey Mouse Ears” defects can cause shorts between gate and the 
source and drain (Figure 2.35). 




Fig. 2.35. If the polysilicon gates are NOT completely covered by protective 
dielectric, gate “mushroom” or “Mickey Mouse Ears” defects will occur. Both 
defects can cause short circuit between gate and source and drain. 

Another integration method, proposed by Kaneko et al. [102] avoids the 
formation of parasitic fin sidewall spacer altogether. After gate formation, 
a filling material is deposited and planarized by CMP. An etch-back 
process recesses the filling material below the gate hardmask. Then 
spacers are formed on the sides of the exposed gate hardmask. At this time 
the fins are still embedded in the filling material. After etching the filling 
material using the newly formed spacer as a hardmask, spacers are only 
formed along the sidewall of the gate, and not on the sidewalls of the fins 
(Figure 2.36). 
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Fig. 2.36. Integration scheme to form gate spacer without parasitic fin spacer. 


The preparation of the silicon surface before epitaxial growth is 
important. An in-situ hydrogen pre-bake step at temperature ~ 800°C is 
typically used before the growth process. Thin silicon fins are susceptible 
to damage at this temperature at low H 2 partial pressure.[47] The 
deposition of a nitride hardmask on top of the fin can help to protect the 
fins. [102] 



a) b) 


Fig. 2.37. Cross sectional SEM images on fins after epitaxial growth, a) (110) side 
wall surface result in diamond-shaped fin; b) (100) sidewall surface result in 
square-shaped fin. 

The selective epitaxial growth (SEG) surface faceting is different for 
different surfaces. The faceting determines the final shape of the source 
and drain region. For (100) sidewall surfaces, a rectangular shaped fin is 
possible. For (110) sidewall surface, the faceting will result in a diamond 
shaped surface [102] (Figure 2.37). Diamond-shape fins present challenges 
to interlayer dielectric fill. Any unfilled region could become a potential 
defect site in the contact and back-end of the line processes. 
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2.5 Mobility and Strain Engineering 

2.5.1 Introduction 

The carrier mobility, //, can be defined by Drude’s Equation 



m 


where q is the elemental charge, r is the mean scattering time and m * is the 
effective mass of the carriers. The value of both r and m * can be modified 
through strain engineering. Under external applied stress, the Si crystal 
lattice constant (or inter-atomic spacing) is altered, thus changing the band 
structure, the density of states and the effective mass of the carriers. The 
strain effects on mobility are anisotropic. [103-104] It highly depends on 
the surface orientation and the channel direction. A more detailed 
theoretical discussion of strain engineering can be found in Chapter 5. 

Strain effect on carrier mobility was first used to fabricate 
piezoresistance-based sensors.[105] The application of strain engineering 
to CMOS can be traced to the 1980s [106-107], where a thin Si layer was 
first grown on SiGe. The Si lattice takes on the larger lattice constant of 
SiGe, which produces biaxial tensile strain in the silicon. Since then, 
uniaxial strain techniques (stressors) have been adopted as one of the main 
performance boosters for planar CMOS.[108-109]. Drain current 
improvement in excess of 50% for PMOS transistors and 32% for NMOS 
devices has been reported. [110] 

In order for multi-gate MOSFET technology to be successful, it must be 
compatible with these powerful performance booster techniques. The 
following sections describe the response of the multi-gate MOSFET to 
various strain techniques. 

As mentioned in Sections 2.2.1 and 2.5.1 the surface orientation and 
current flow directions of a FinFET can be (110)/<110>, (100)/<100>, as 
well as (111)/< 111 >, respectively. Each surface orientation and channel 
direction has a different mobility response to a given stress. Since most of 
the multi-gate devices made to date have been on (100) and (110) surfaces, 
we will focus our discussion of process strain techniques on these surfaces. 
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2.5.2 Wafer Bending Experiment 

The basic responses of multi-gate channel mobility to various stress 
components were studied in a wafer bending experiment.[ 1 1 1 ] Figure 2.38 
illustrates the wafer bending apparatus.[112] Circular ridges were used to 
produce a bi-axial stress in Reference 111. The surface stain is measured 
based on the sample thickness and the radius of the curvature. 



Fig. 2.38. Wafer bending apparatus. A wafer or a piece of wafer containing 
devices is bent by pressing Plate A toward Plate B. Bi-axial stress is applied to 
the wafer through the circular ridges. 

For a 0.11% surface strain (~200MPa), the peak electron mobility was 
shown to improve by +14% for (100)/< 100> fin s and +26% for 
(110)/<110> fins. The peak hole mobility shift with the same surface 
strain was +8% in (100)/< 100> devices and -3% in (110)/<110> PMOS 
devices. Table 2.1 summarizes the experimental results and the estimated 
stress levels based on the bulk silicon piezoresistance (PR) coefficients 
from reference.[111] 

There are three stress components: 1) a xx is the stress in the direction 
parallel to channel current flow; 2) a yy is in the plane of the channel 
conduction, perpendicular to the current flow; 3) a zz is in the direction 
vertical to the plane of the channel conduction. (See the figure in the insert 
of Table 2.1.) 

The estimated stress in each direction is similar to the applied stress in 
the experiment. These wafer bending exercise prove that strain engineering 
is possible in multi-gate MOSFET, and the response of carrier mobility to 
stress is similar to planar bulk devices. It is now an engineering 
undertaking to make the processes work. 
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Table 2.1. Projected stress in each crystal direction using bulk PR coefficients. 
[Ill] Copyright© 2006 IEEE. 
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2.5.3 Nitride Stress Liners 

Depending on the deposition condition, a nitride film can be either 
tensile or compressive. Tensile nitride film is a common stressor used to 
improve NMOS performance. Tensile films tend to shrink, thus when 
deposited on top of the gate and over the source and drain, the portion of 
the nitride film on top of the source and drain produces tensile stress in the 
channel direction (a xx ). The nitride film on the sidewall of the gate exerts a 
compressive stress in vertical to the channel (a yy ) (Figure 2.39). 
(100)/<110> Electrons mobility is enhanced by tensile stress in the a xx 
direction and compressive stress in the a vv direction, therefore a net gain in 
electron mobility is achieved with tensile stressor. 

The amount of the strain in the channel is a function of: 1) the stress 
level in the stressor film, 2) the transistor spacer width, 3) the gate height, 
4) the size of the source and drain, and 5) the gate length. Narrow spacers 
bring the stressor closer to the gate, and therefore improve the stress 
transfer into the channel. A tall gate allows more stressor volume to induce 
compressive stress in the a yy direction. For the same reason, long sources 
and drains produce higher stress levels in the channel.[l 14] Therefore, in 
Figure 2.39, the drain side induces higher channel strain than the source 
side. As the gate length increases, the stressor is located further away from 
the channel center, therefore the overall channel strain induced by the 
stressors become smaller. For this reason, the nitride stressors are not 
effective in improving long-channel device performance. 

Flole mobility is enhanced by the opposite channel stress. A 
compressive liner can be used for PMOS. The difference between PMOS 
and NMOS is that the hole mobility is not sensitive to the stress in the o vy 
direction, unlike the electron mobility. Tensile and compressive nitride 
stressors on multi-gate have been theoretically studied in [115]. The stress 
induced in the channel by stressors is the same for multi-gate devices as 
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for planar devices. Stress-induced improvement in drive current has been 
demonstrated experimentally.[116-118] 



Fig. 2.39. A tensile stressor tends to shrink. The stressor on the source and drain 
pulls apart the ends of the channel and produce a tensile strain a xx in the silicon. 
The stressor on top of the gate squeezes the gate and produces a compressive 
stress o zz . 


2.5.4 Embedded SiGe and SiC Source and Drain 

Embedded SiGe source and drain was first investigated for the purpose 
of reducing the contact resistance for in PMOS devices. SiGe has a lower 
Schottky barrier height for holes than Si. The experimental results have 
shown a larger than expected drive current improvement when SiGe 
source and drain structures are used.[106] It was later found that SiGe, 
with its larger lattice constant than Si, produces a compressive stress in the 
channel which improves the hole mobility. Figure 2.40 illustrates the 
compressive stress SiGe source and drain exert in the Si channel. The 
amount of strain in the channel increases with Ge content (larger SiGe 
lattice). The SiGe lattice constant a Si | is a function of the Ge content 

and can be estimated by Equation 2.32. [119] 

a S, (] _ y) Ge y = 0- TK, + y a Ge (232) 

where y is the Ge fraction (between 0 and 1). a Sj is the Si lattice constant 
equal to 5.431 A and a Ge is the Ge lattice constant, equal to 5.646A. 
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Fig. 2.40. The lattice mismatch between SiGe and Si results in channel 
compressive stress in the a xx direction and tensile stress in the a ™ direction. a xx 
compressive stress improves hole mobility. 


The stress in the channel is not just depended on the lattice mismatch; it 
also depends on the SiGe volume (size) of the source and drain and the 
proximity of the SiGe to the channel. A larger volume produces more 
stress. Therefore, the SiGe impact on PMOS device performance depends 
on the layout, gate spacer width and gate length, similar to the effect 
created by a nitride film described in the previous section. 

SiGe sources and drains were used in multigate MOSFETs in [31,120]. 
25% to 40% drive current improvement was seen compared to samples 
without SiGe. The improvement is less than what has been reported for 
planar bulk MOSFETs with (001)/<110> orientation. The reduced 
improvement can be explained by: 1) reduced PR coefficient for 
(110)/< 110> surface/direction and 2) reduced SiGe volume in the source 
and drain of the multi-gate MOSFETs. 

SiC has a smaller lattice constant than silicon. Thus, the lattice 
mismatch for a SiC source and drain structure produces a tensile stress in 
the Si channel, which improves the mobility of electrons. SiC has been 
successfully demonstrated on multi-gate MOSFETs where one percent C 
in SiC source and drain produced 20% improvement in transistor current. 
[ 121 ] 


2.5.5 Local Strain from Gate Electrode 

The gate electrode of a multigate device wraps around the fin from three 
sides. If stress can be directly applied from the gate, it will have a large 
impact on the channel mobility. Furthermore, gate stressor would have 
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reduced gate/active pitch dependence. Some metal deposition processes 
can produce a large intrinsic stress in the metal film. Tensile stress in the 
gigapascal range has been reported in metal gates. [27] When such a high 
tensile metal gate is applied to a multi-gate device, the electron mobility on 
the (110)/< 110> surface/direction can increase by -100%. Such a tensile 
stress gate electrode does not change the electron mobility for the 
(100)/< 100> surface/direction, however and it has no impact on hole 
motility, regardless of the surface orientation and channel direction. [27,75] 
This approach makes the (110) surface very attractive for MOSFET 
fabrication. 

Metal gate can produce further stress from subsequent processing. [122] 
Typical metals have thermal expansion coefficients very different from 
that of silicon. If a SiN capping layer is placed on top of the gate, a limited 
upward expansion of the metal gate takes place during high temperature 
processes. The result is a compressive stress in the channel. Since the 
metal gate is squeezing the silicon fin from both sides, tensile stress is 
induced in the direction of the current flow, and the electron mobility is 
increased (Figure 2.41). 



Fig. 2.41. Expansion of metal gate electrode during thermal processing exerts a 
compressive stress in the fin. 

It is interesting to note that the mobility improvements brought about by 
tensile gate stress were reported on long channel devices. This is very 
different from other process induced local strain, where the improvement 
in mobility decreases as the channel length is increased. The main reason 
for this difference is that the stress is applied from the electrode directly to 
the channel. For this reason, gate induced stress is not layout dependent. 
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2.5.6 Substrate Strain: Strained Silicon on Insulator 

This final section on strain engineering focuses on substrate-induced 
strain. Strain is generated in thin Si layers grown on SiGe. The Si lattice 
takes on the larger lattice constant of SiGe and is submitted to a biaxial 
tensile strain. Biaxial tensile strain has been shown to improve electron 
mobility and, if the strain is large enough, hole mobility can be improved 
as well.[123] However, the IC industry has not adopted the substrate 
strain for manufacturing, largely due to the relatively poor quality of the 
substrates: misfit defects and threading dislocations present in these 
wafers give rise to unacceptable leakage currents.[124] 

Strained silicon on insulator (sSOI) can help to reduce above problems 
by eliminating the need for a SiGe layer below the strained silicon.[125] 
Figure 2.42 illustrates the manufacturing process of a sSOI wafer. The 
process starts with a bulk sSi (strained silicon) wafer, where a thin silicon 
film is grown on a relaxed SiGe layer. The sSi wafer is first implanted with 
hydrogen and bonded to a host wafer. Then after applying a layer transfer 
(ion-cut) process, the SiGe layer is selectively etched away, leaving the 
strained silicon layer directly on the insulator. The oxide below the 
strained silicon helps to keep the strain intact. An optional epitaxial 
process can then be used to increase the strain silicon layer thickness 
without reducing the strain. This approach eliminates the SiGe buffer 
underneath strained silicon, therefore reducing defect density and Ge up- 
diffusion. sSOI films with a thickness in excess of 60nm are commercially 
available. 

Thick sSOI layers have been used to fabricate multi-gate MOSFETs. 
Since channel conduction is located at the sidewall of the fin, the bi-axial 
stress of sSi produces tensile stress in o xx direction, compressive stress in 
o zz direction and tensile stress in a yy direction. For narrow fins, the a yy 
stress is expected to relax, while the a xx and a yy stresses are intact. 
Experimental data indicates that the (110)/< 110> electron mobility is 
improved by 60% [39] and the (100)/<100> electron mobility is improved 
by 30%. The stress from sSOI is additive to those generated by a tensile 
nitride liner and a metal gate.[27,l 17-118] Improvements of drive current 
up to 40% has been observed when sSOI, tensile nitride liner and metal 
gate electrode are used. The tensile stress in the o xx direction degrades the 
(110)/< 110> p-channel performance, but increases the (100)/< 100> hole 
mobility. 
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Fig. 2.42. Illustration of the fabrication sequence of a sSOI wafer, a) Starting bulk 
sSi wafer is implanted with H 2 . b) The sSi wafer is bonded to a host wafer, and c) 
an ion-cut process is used for layer transfer, d) The remaining SiGe is selectively 
etched away from the strained Silicon on Insulator material. 


2.6 Contacts to the Fins 


Since the back end of the line process for a MuGFET is the same as for 
a planar MOSFET, the final section of this chapter reviews the contact 
formation process for MuGFETs. The unique layout of MuGFET gives 
three major options for contact: 1) Dumbbell source and drain contact, 2) 
Saddle contact (individual and slot), and 3) Contact on merged fins. These 
three options are illustrated in Figure 2.43. 


Dumbbell Individual Slot Saddle Raised S/D 



Fig. 2.43. Three contact options for MuGFETs: a) contact to the dumbbell source 
and drain; b) saddle contact to individual fin, or slot contact; c) contact to the 
merged-fm source and drain. 
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2.6.1 Dumbbell Source and Drain Contact 

Dumbbell layout provides the most straightforward contact process 
since it is identical to a planar MOSFET contact. The dumbbell layout is 
not area efficient, however. The contact to gate spacing is limited by the 
dumbbell-to-gate distance dsn (Figure 2.43a). 

2.6.2 Saddle Contact 

The saddle contact is attractive for the following reasons: 1) contact-to- 
gate spacing can be smaller than for the dumbbell layout, and 2) the saddle 
contact touches the fin top surface, as well as the fin sidewall surfaces, 
potentially giving rise to a larger contact area, which can reduce contact 
resistance (Figure 2.44a). In order to realize a saddle contact, one needs to 
form a metal silicide on the sidewall of the fin. 

The concern with the saddle contact is the alignment of the contact to 
the active fin. If the contact landing only touches one sidewall of the fin, 
the contact resistance will be higher than if the contact touches both sides 
of the fin (Figure 2.44b). Therefore the contact alignment is very tight. 
This is especially important when the contact size is similar to the fin 
width in the source and drain area. 


Silicide Misaligned contact 



Fig. 2.44. Saddle contact: a) perfect contact to fin alignment; b) misaligned 
contact. 


The major issue with saddle the contact is the contact pitch. If the 
contact pitch cannot be the same as small as the fin pitch, then making a 
saddle contact to individual fins is not possible. Slot contacts must be used 
instead. The alignment constraints on slot contacts are less strict than on 
saddle contacts (Figure 2.44b). However, slot contacts increase the gate-to- 
contact capacitance due to the extra contact metal between the fins. 
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2.6.3 Contact to Merged Fins 

To eliminate the contact to fin pitch matching requirement, one can also 
use epitaxial growth to merge adjacent fins. This is possible since a tight 
fin pitch is desirable in order to increase drive current per footprint of a 
transistor. In addition, raised source and drain structure (RSD) is needed 
to reduce parasitic source and drain resistance. If the increase in fin width 
from RSD formation is equal to 50% of the fin spacing, adjacent fins will 
touch one another. In this configuration, the contact to the source and drain 
will not touch the fin sidewalls. The topography of the source and drain 
surface will depend on the source and drain epitaxial faceting and the fin 
conditions (Section 2.4.3, Figure 2.37). For (110) sidewalls the final fin 
cross section is either hexagonal or diamond-shaped. The contact will land 
on a non-planar surface (Figure 2.45a). Some contact overetch is needed to 
ensure that the contact lands on silicide when the landing area is in the 
groove. For (100) sidewalls the cross section of the epitaxially grown 
silicon is rectangular and contacts will land on a flat surface (Figure 
2.45b). Contacts to merged fin s have been shown to reduce parasitic 
capacitance, compared to other types of contacts described in previous 
sections.[15] 



Fig. 2.45. Contact to merged fin: a) if the fin sidewall surface is (110), the contact 
lands on a wavy topography; b) if the fin sidewall surface is (100), the contact 
lands on a flat surface. 
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3 BSIM-CMG: A Compact Model for Multi-Gate 
Transistors 


Mohan V. Dunga, Chung-Hsun Lin, Ali M. Niknejad and Chenming Hu 


3.1 Introduction 

The scaling of conventional planar CMOS is expected to become 
increasingly difficult due to increasing gate leakage and subthreshold 
leakage.[l-2] Multi-gate FETs such as FinFETs have emerged as the most 
promising candidates to extend the CMOS scaling into the sub-25nm 
regime.[3-4] The strong electrostatic control over the channel originating 
from the use of multiple gates reduces the coupling between source and 
drain in the subthreshold region and it enables the Multigate transistor to 
be scaled beyond bulk planar CMOS for a given dielectric thickness. 
Numerous efforts are underway to enable large scale manufacturing of 
multi-gate FETs. At the same time, circuit designers are beginning to 
design and evaluate multi-gate FET circuits. 

A compact model serves as a link between process technology and 
circuit design. It is a concise mathematical description of the complex 
device physics in the transistor. A compact model maintains a fine balance 
between accuracy and simplicity. An accurate model stemming from 
physics basis allows the process engineer and circuit designer to make 
projections beyond the available silicon data (scalability) for scaled 
dimensions and also enables fast circuit/device co-optimization. The 
simplifications in the physics enable very fast analysis of device/circuit 
behavior when compared to the much slower numerical based TCAD 
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simulations. It is thus necessary to develop a compact model of multi-gate 
FETs for technology/circuit development in the short term and for product 
design in the longer term. 


3.2 Framework for Multigate FET Modeling 

One of the biggest challenges in modeling multi-gate FETs is the need 
to model the several flavors of multi-gate FETs. The silicon body can be 
controlled by either two gates, three gates or four gates. The gates can all 
be electrically interconnected or they can be biased independently. Multi¬ 
gate FETs can be built on SOI or bulk silicon. 

Figure 3.1 illustrates some of the different architectures of Multi-gate 
FETs which need to be accounted in the compact model. It is important to 
obtain a versatile model that can model all the different types of Multi-gate 
FETs without making the model computationally intensive. 



(a) Triple-gate FinFET on SOI 



(b) Double-gate FinFET on SOI 



(c) Triple-gate FinFET on bulk Si 



_Gate_ 



Si 



Gate. 


(d) Planar double-gate FinFET 


Fig. 3.1. Different Multigate FET architectures. 
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One possible technique to handle the different Multi-gate FET 
architectures is to classify them into two categories and introduce a 
separate model for each category: a common gate model and an 
asymmetric/independent gate model. The term “common-gate” means that 
all the gates in the multi-gate FET (double-gate or triple-gate or quadruple- 
gate FinFET) are electrically interconnected and are biased at the same 
electrical gate voltage. The common-gate model further assumes that the 
gate workfunctions and the dielectric thicknesses on the two, three or four 
active sides of the fin are the same. However, the carrier mobilities in the 
inversion layers on the horizontal and vertical active sides of the fin can be 
different due to different crystal orientations and/or strain. The 
asymmetric/independent gate model allows different workfunctions and 
dielectric thicknesses on the top and bottom of the fin. The 
asymmetric/independent gate model also permits that the two gates can be 
biased independently. 


3.3 Multigate Models: BSIM-CMG and BSIM-IMG 

Compact models for multi-gate FETs: BSIM-CMG and BSIM-IMG, 
have been developed based on the framework described in previous 
section. BSIM-CMG (Berkeley Short-channel IGFET Model - Common 
MultiGate) models the common-gate multi-gate FETs and BSIM-IMG 
(BSIM-Independent Multi-Gate) models the independent/asymmetric 
multi-gate FETs. 

BSIM-CMG and BSIM-IMG are surface potential based models. 
Surface potential models have an inherent advantage of yielding 
continuous and smooth expressions for terminal currents and charges over 
the different regions of operations: subthreshold, linear and saturation 
regions. Starting with core long-channel double-gate models, full-scale 
compact models are developed by inclusion of numerous physical effects 
such as quantum mechanical effect (QME), poly-depletion effect (PDE), 
short-channel effect (SCE), mobility degradation and carrier velocity 
saturation. The expressions for terminal currents and charges are C®- 
continuous, which makes the two models suitable for mixed-signal design. 
Both the models are accurate, predictive and scalable as demonstrated 
through extensive 2-D and 3-D TCAD simulations. 
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3.3.1 The BSIM-CMG Model 

The existing modeling efforts for the multi-gate FETs are limited to 
undoped or lightly doped silicon body for double-gate (DG) FETs.[5-7] A 
multiple threshold voltage technology based on common-gate multi-gate 
FETs will likely require a significant concentration of body dopant for 
threshold voltage tuning. As a result, BSIM-CMG models the effect of 
finite body doping on the electrical characteristics of a multi-gate FET in 
Poisson’s equation.[8] 

Starting from a core long-channel symmetric DG-FET framework, the 
model is extended to triple-gate FinFETs and quadruple-gate FinFETs 
through 3-D modeling of SCE. A unique field penetration length model is 
developed to capture the stronger electrostatic control over the channel due 
to multiple gates, which leads to reduced subthreshold leakage in multi¬ 
gate FETs. 

Common-gate multi-gate FETs can be built on SOI or bulk silicon. 
BSIM-CMG allows the user to select SOI mode or bulk SOI mode through 
the addition of the body node for bulk multi-gate FET. The BSIM-CMG 
model has been successfully used to describe the measured electrical 
characteristics of SOI FinFETs and bulk FinFETs.[9] The model 
formulation will be described in further detail in this chapter. 


3.3.2 The BSIM-IMG Model 

BSIM-IMG models the independent/asymmetric multi-gate FET. Unlike 
the BSIM-CMG model, BSIM-IMG assumes a lightly doped body in the 
Poisson equation for simplicity. For an independent/asymmetric multi-gate 
FET, the threshold voltage of the transistor can be tuned by adjusting the 
back gate voltage. As a result, a lightly doped body is expected to be used 
even for a multiple-threshold voltage technology and heavy body doping 
can be avoided in the thin body. Many of the physical effects models are 
boiTowed from BSIM-CMG model with appropriate changes for an 
independent gate operation. As a result, only a brief description of BSIM- 
IMG will be provided in this chapter. 
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3.4 BSIM-CMG 

BSIM-CMG is a surface potential based model. All electrical variables 
such as terminal currents, charges and capacitances are derived from the 
surface potentials at the source and the drain end. The calculation of the 
surface potentials form s the basis of the model. The core model for BSIM- 
CMG is a long-channel Double-Gate FET model. Numerous physical 
phenomena observed in an advanced Multigate FET technology are added 
to the core model to yield the final model. 

This section describes the BSIM-CMG model formulation. The core 
model is first developed by analyzing the physics of a long-channel DG- 
FET. Next, modeling of some of the important physical effects such as 
QME, SCE and PDE are described. The section finally concludes with the 
verification of the model against experimental data. 


3.4.1 Core Model 

3.4.1.1 Surface Potential Model 

The long-channel, symmetric double-gate (DG) FET forms the core of 
BSIM-CMG. Figure 3.2 shows a schematic of the symmetric, common- 
gate DG-FET under study. The convention for the axes and the symbols 
used in this section are indicated in Figure 3.2. The electronic potential in 
the body is obtained by solving Poisson’s equation. For a long-channel 
transistor, the gradual channel approximation is used which states that the 
horizontal electric field is much smaller than the vertical electric field. The 
use of gradual channel approximation results in a 1-D Poisson’s equation 
(in the vertical dimension). 

The 1-D Poisson equation including both inversion carriers and bulk 
charge in the body can be written as: 

a>(.t.v) vh | qN< < 31 > 

dx £ Si £ Si 

where \i>(x,y) is the electronic potential in the body, V c /,(y) is the channel 
potential ( V ch (0) = 0 and V ch ( Z.) = V ds ), N A is the body doping and 
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Fig. 3.2. Schematic of the symmetric common-gate DG-FET under study. 


For a lightly doped body, the body doping can be neglected and Eq. 
(3.1) can be solved easily by integrating it twice and using Gauss’s law as 
the boundary condition.[5] Flowever, for moderate to heavy body doping 
conditions, the doping term cannot be neglected, which complicates the 
calculation of surface potential as Eq. (3.1) cannot be integrated 
analytically twice. To overcome this limitation, perturbation approach is 
used to solve Poisson’s equation in presence of significant body doping. [8] 
Under the perturbation approach, the potential in the body can be written 
as sum of two terms: 

y/(x,y) = y/ l {x,y) + y/ 2 {x,y) (3>3) 

The first term, i// 1 (x,y), is the potential due to the inversion carriers term 
in Eq. (3.1). The second term, i// 2 (x,y), is the perturbation in potential due 
to body doping term. The body can be fully depleted or partially depleted 
depending on applied gate bias ( V gs ), body doping (N A ) and body thickness 
( Tsi ). The perturbation method yields surface potential in both full- 
depletion and partial-depletion regimes. 


In the fully depleted regime, the inversion carriers are spread through 
the entire body. The contribution of inversion carriers to the potential, 
i//i(x,y), is calculated by neglecting the bulk charge term in Eq. (3.1). 
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Using the fact that the electric field at the mid-plane is zero for a 
symmetric common gate FET, Eq. (3.4) can be integrated twice to obtain 

Vi(x,y). 
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where y/o(y) is the potential at the center of the body as shown in Figure 
3.2. Substituting Eq. (3.4) in Eq. (3.3) yields a second order differential 
equation in y/ 2 (x,y). 
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Since the contribution of the bulk charge to potential and electric field at 
mid-plane (x = 0) is zero 


y/ 2 (x = 0, y) = 0 and 


dy/ 2 

dx 


(x = 0, v) = 0 


(3.7) 


Using the boundary conditions on y/ 2 (x,y) in Eq (3.7) and the expression 
for y/i(x,y) in Eq. (3.5), the differential equation Eq. (3.6) can be solved to 
obtain the expression for y/ 2 (x,y). 
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The surface potential at a point “y” along the channel is the sum of y/i(x,y) 
and y/ 2 (x,y) evaluated at the surface: 


f T 

Vs(y) = V , s ' 
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+<f/ 2 


>y 


(3.10) 


Note that y/ 2 (x,y) is a function of y/i(x,y) and y/i(x,y) is a function of y/n(y). 
As a result, iy s (y) is a function of only one variable, y/o(y), the potential at 
the center of the body. The electric field at the surface can be easily 
obtained by integrating Eq. (3.1) once. Gauss’s Law at the surface can then 
be expressed as 
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Eq. (3.11) can be expressed in terms of only one unknown quantity y/o(y). 
Solving Eq. (3.11) yields i//a(y) and hence y/ s (y) in the fully depleted regime 
for a given DG-FET structure and a set of external bias voltages. 


In the partially depleted regime, the depletion width is bias dependent. 
At the edge of the depletion width, x dep , the electronic potential is zero and 
hence y/j\(x=x dep ) = 0. With these changes, the surface potential can be re¬ 
derived for the partially depleted regime similar to the fully depleted 
regime. The contribution to the surface potential from inversion carriers is 
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and the correction term in the surface potential due to bulk charge is 
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Applying Gauss’s law in the partially depleted regime yields: 
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The u nk nown variable in the calculation the surface potential of a partially 
depleted device is x dep . It is obtained by solving Eq. (3.15) numerically. 
One exdep is determined, the surface potential is calculated using Eq. (3.10) 
and Eqs. (3.12-3.14). 


In order to obtain continuous expressions for the terminal currents and 
charges, it is necessary to capture the transition between the fully depleted 
and partially depleted regimes in a smooth manner. Also, the solution of 
Eq. (3.12) and Eq. (3.15) is computationally expensive due to the complex 
t// 2 (x,y) perturbation term. To overcome these problems, a simplified 
expression for y/ 2 (x,y) is derived (»/v«).which is continuous between 
partially depleted and fully depleted regimes. By using i// per „ the surface 
potential in both the regimes is calculated through a single continuous 
equation. Using the following transformation of variables: 
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the unified surface potential (y/ s ) equation used in the core model for 
BSIM-CMG can be written as 
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where ft is the only u nk nown variable. In BSIM-CMG, the transcendental 
y/ s equation (Eq. (3.17)) is solved for /? using an analytical approximation 
instead of iterative methods to make the model numerically robust. This is 
another significant advantage of the simplified perturbation term y/ pert . 
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The surface potential is a function of ft and is given by 
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Surface potential at source terminal (y/s) is obtained by solving Eq. (3.17) 
at the source end, i.e V ch = 0. Similarly, the surface potential at the drain 
end {y/n) is calculated by solving Eq. (3.17) with V ch = Vds- 


Figure 3.3(a) compares the surface potential calculated using the model 
against TCAD. All TCAD simulations for verification of the core model 
use gate material with mid-gap workfunction and assume constant carrier 
mobility. The surface potential is calculated as a function of gate voltage 
for a wide range of body doping ranging from a light doping of 10 15 cm 3 to 
heavy doping of 5xl0 18 cm' 3 . Very good agreement is observed between 
the model and TCAD for all cases. The transition from partially depleted 
regime to fully depleted regime with increasing gate voltage is clearly 
visible in the heavily doped DG-FET. The error in the analytical 
approximation of y/ s is limited to only a few nanovolts as shown in Figure 
3.3(b). 


Eq. (3.17) yields surface potential for both light and heavy body doping 
as shown in Figure 3.3(a). Elowever, the inclusion of bulk charge in the 
analysis of a lightly doped body is redundant and it leads to significant 
overhead in model runtime. For a lightly doped DG-FET, Eq. (3.17) can be 
simplified into: 


In/?-In (cos /?)- 


v -V -V 

r gs v jb r ch 

7kf 


+ ln 
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2 e s MN A 
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2s (3.19) 

Si /?tan/? = 0 


LC 

Si ox 


Based on this insight, BS1M-CMG 
runtime for lightly doped DG-FETs: 


offers two options to improve 


1. Setting model parameter PH1SMOD =0 activates framework for 
heavily-doped DG-FET 

2. Setting model parameter PE11SMOD =1 activates framework for 
lightly-doped DG-FET 

Physical effects such as QME, SCE and PDE are added to the core surface 
potential equation as discussed in Section 3.4.2. 
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Fig. 3.3. Verification of core model surface potential equation (a) Comparison 
against TCAD for different body doping (b) Error in the analytical approximation 
for y/ s 


3.4.1.2 l-V Model 


The I-V model is obtained using drift-diffusion formulation without using 
any charge-sheet approximation [10]. The current flowing through the 
body of a DG-FET can be written as: 


I d =2-^W-Q inv {y ) 


dV 


ch 


dy 


(3.20) 


where ju is the carrier mobility (assumed position independent), W is the 
channel width, Q inv (y) is the inversion charge in one half of the body and 
the factor of two accounts for the front and back channel currents in a 
symmetric common-gate DG-FET. 


The inversion charge (Q inv ) is simply the difference between the total 
charge in the body and the bulk charge: 

The bulk charge, Qbuik, is obtained from the perturbation potential y/ pert : 
Qbulk = Si N AYper, 

Gauss’s law can be used to determine the total charge in the body: 


(3.23) 
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An analytical expression for drain current can be obtained by using Eqs. 
(3.21-3.23) and Eq. (3.20), and integrating the resulting expression from 
source to drain. The drain current can be expressed as difference of two 
terms evaluated at the source and drain end: 


1 d =2 ■ 


where the function f(y/ s (y ))is given by: 

2 C ox q q 


5^+0 


V 


q T si 


bulk 


In 


ML + n +Q 

qT Si j 


(3.24) 


(3.25) 


Eqs. (3.24-3.25) predict the drain current for a symmetric DG-FET and 
they together constitute the I-V model for BSIM-CMG. For the case of a 
lightly doped body, the drain current expression transforms into a very 
similar expression as derived in [5] and [7] for an undoped body. 


The accuracy and predictivity of the I-V model is verified against 
TCAD simulations without using any fitting parameters. Figure 3.4 shows 
the model predicted and TCAD simulated values of Id for a heavily doped 
DG-FET (N a = 3el8cm' 3 ). BSIM-CMG can predict very accurate drain 
current in all the regimes of transistor operation: sub-threshold, linear and 
saturation. Figure 3.5 tests the accuracy of the I-V model over a wide 
range of body doping. The model predicts the correct drain current in both 
fully depleted and partially depleted regimes. This can be seen from the I d - 
V g characteristics of the heavily doped DG-FET in Figure 3.5. 

A unique behavior of lightly doped DG-FET with a thin body is volume 
inversion. Due to the absence of bulk charge in the body and presence of 
only few inversion carriers in the subthreshold regime, there is negligible 
potential drop between the surface and center of the body. Figure 3.6(a) 
shows the virtually flat potential profile in lightly doped DG-FETs in sub¬ 
threshold. Furthermore, the potential in the body has a very weak 
dependence on body thickness. Any small increase in gate voltage in 
subthreshold increases the potential through the entire body causing 
inversion in the entire body. This phenomenon is called bulk inversion or 
volume inversion. Since the electronic potential is virtually independent of 
body thickness, the amount of inversion carriers in the body is linearly 
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proportional to the body thickness for equal area DG-FETs. As a result, the 
subthreshold current in lightly doped DG-FETs is a linear function of the 
body thickness. 



(a) (b) 


Fig. 3.4. (a) Id-Vg and (b) Id-Vd characteristics calculated from the I-V model 
(lines) and TCAD (symbols). Device data: N A = 3el8cm-3, T Si = 20nm, T ox = 2nm. 



(a) (b) 

Fig. 3.5. Id-Vg characteristics for different body doping concentrations calculated 
from the I-V model (lines) and TCAD (symbols). Device data: T Si = 20nm, T ox = 
2nm. 

The I-V model is able to predict this trend correctly as shown in Figure 
3.6(b) where the Id for a 20nm thick body is ~4x of current flowing in a 
5nm thick body in the sub-threshold regime. 
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(a) (b) 

Fig. 3.6. Volume inversion in lightly doped DG-FETs (a) Potential profile in the 
body (b) Sub-threshold 4- V g characteristics for different body thickness showing 
volume inversion. In both (a) and (b) lines represent model and symbols represent 
TCAD. Device data: N A = 1 el 5cm"’. T ox = 2nm. 


3.4.1.3 C-V Model 

No compact model is complete without a capacitance model. The I-V 
model is adequate only for describing the DC behavior but for transient 
description the capacitances are absolutely essential. The intrinsic 
capacitances of the transistor are derived from the terminal charges. 


The charge on the top and bottom gate electrodes is equal to total charge 
in the body. The total charge is computed by integrating the charge along 
the channel. Since the two gates are electrically interconnected, we have: 


P« = 2r fJ„V«-G-v,(y))vv 


(3.26) 


where Q g denotes the charge on the electrically interconnected gate. The 
inversion charge in the body is divided between the source and drain 
terminals using the Ward-Dutton charge partition approach.[l 1] The 
charge on source terminal (Q s ) is: 



v fi -¥ s {y) 


Q, 


bulk 
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■dy 


OX J 


(3.27) 
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Using charge conservation, the charge on drain terminal (Q d ) can be 
expressed as: 


Q^-2wcX L L \y,-v„-wAy)- 


Q, 


bulk 


C, 


dy 


(3.28) 


OX J 


The surface potential as a function of the position y along the length of 
the transistor (tf/ s (y))\s obtained using current continuity. Current continuity 
states that the current is conserved all along the length of the transistor. 

I d (L) = I d (y) where 0 <y<L ( 3 - 29 ) 


The expression for the drain current in Eqs. (3.24-3.25) is very complex 
and is not practical for applying current continuity. For the purpose of 
determining y/ s (y), a simplified version of I-V model as shown below is 
used: 


I d {y)= 2 -M~\g{¥s)-g(y / s {y))) 

where the function g(y/ s (y)) is defined as 

«(v,)=^a+ 2—a,,. 


(3.30) 


(3.31) 


Eqs. (3.30-3.31) retain good accuracy in the strong inversion regime but 
overestimate the drain current in subthreshold regime. The advantage of 
mathematically simple analytical expressions for terminal charges due to 
this approximation outweighs the resulting loss in accuracy in the C-V 
model in subthreshold regime, however. Using Eqs. (3.30-3.31), y/ s (y) can 
be related to y/s and y/ D by: 

(3 32) 

j\B-y/ s -y/ D ){y/ D -y/ s ) = (B-y s -y/ s (y))(y s (y)-y/ s ) 
where 


B = 2 


V„ 


V, 


Jb 




(3.33) 


The terminal charges are obtained by substituting y/ s (y) in Eqs. (3.26-3.28) 
and evaluating the integrals. 
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The expressions for terminal charges are continuous and are valid over 
sub-threshold, linear and saturation regimes of operation. Figure 3.7 shows 
the terminal charges calculated using Eq. (3.34) as a function of V ds and 
V gs . The ratio of the drain charge to source ratio is 40/60 in the saturation 
region as seen in Figure 3.7. This is due to Ward-Dutton charge partition 
which is physically correct under the quasi-static condition. 



Fig. 3.7. Terminal charges using Eq. (3.33) as a function of (a) V gs and (b) V ds 
Device data: N A = 3el8cm" 3 , T ox = 2nm, Ts,=20nm. 


Eq. (3.34) forms the C-V model for BSIM-CMG. The terminal charges 
are used as state variables in the circuit simulation. All the capacitances are 
derived from the terminal charges to ensure charge conservation. The 
capacitances are defined as: 



dQ 

8Vj 


(3.35) 
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where i and j denote the multi-gate FET terminals. Note that Cy satisfies 


i j 


(3.36) 


due to charge conservation. 


The C-V model is verified against TCAD simulations without the use of 
any fitting parameters. The capacitances from the C-V model are plotted as 
a function of gate voltage and drain voltage in Figure 3.8 and Figure 3.9 
respectively. 



(a) (b) 

Fig. 3.8. Capacitances (normalized to 2 WLC ox ) calculated from the C-V model 
(lines) and TCAD (symbols) as a function of V gs . Device data: N A = 3el8cm" 3 , T ox 
= 2nm, 7 , & =20nm. 



(a) (b) 

Fig. 3.9. Capacitances (normalized to 2 WLC ox ) calculated from the C-V model 
(lines) and TCAD (symbols) as a function of V&. Device data: N A = 3el8cm" 3 , T ox 
= 2nm, 7 , Si =20nm. 
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The capacitance values from the model are in excellent agreement with 
TCAD simulated values in all regimes of transistor operation. At V ds = 0V, 
Figure 3.9(b) shows that C sg =C dg and C gs =C gd . This equality in 
capacitances at V ds = 0V demonstrates the symmetry of the core model. 
Model symmetry is important for predicting correct distortion metrics for 
circuits switching about V ds = 0V especially in the analog and RF domain. 

The surface potential model together with the I-V and C-V model for 
DG-FET form the core model for BSIM-CMG. The core model is highly 
predictive and has a high degree of accuracy. The model agrees with 
TCAD simulations without the use of any fitting parameters. 

3.4.2 Modeling Physical Effects of Real Devices 

The core model is only the beginning of any compact model, which is 
also the case with BSIM-CMG. BSIM-CMG, in the tradition of BSIM3 
and BSIM4, models numerous physical phenomena that are expected to be 
important to accurately represent advanced multi-gate FET technologies. 
The thin body in multi-gate FETs experiences significant QME through 
structural and electrical confinement which are modeled by modifying the 
core surface potential equation and the C-V model. SCE such as drain- 
induced barrier lowering (DIBL), threshold voltage ( V, h ) roll-off and sub¬ 
threshold slope degradation are modeled. BSIM-CMG models the PDE as 
well since polysilicon-gated FinFETs may be used in low-cost memories 
to enable continued cell size reduction. 

Table 3.1. List of physical effects modeled in BSIM-CMG. 

1) Quantum Mechanical Effects 

2) Short-channel Effects 

a) V,h roll-off 

b) DIBL 

c) Sub-threshold slope 

d) Channel length modulation 

3) Polysilicon-gate Depletion Effects (PDE) 

4) Series resistance 

5) Mobility degradation 

6) Velocity Saturation 

7) Velocity Overshoot/Source-End Velocity Limit 

8) Gate Induced Drain (Source) Leakage (GIDL, GISL) 

9) Impact Ionization 

10) S/D Junction leakage 

11) Gate tunneling 

12) Parasitic capacitance 
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All the physical effects included in BSIM-CMG are listed in Table 3.1. 
Some of the important physical effects are discussed next. 

As examples of the physical effect models, the following subsections 
present the quantum mechanical effect model and the short-channel effect 
model in some details. 

3.4.2.1 Quantum Mechanical Effects (QME) 

Carrier energy quantization has become significant in state-of-the-art 
MOSFETs due to increased vertical E-fteld. The energy quantization and 
the shift of the inversion charge centroid will delay the formation of 
inversion charge (threshold voltage ( V, h ) shift) and reduce the current 
driving capability (increase the effective oxide thickness). The 
quantization effect is more complicated in double-gate (DG) MOSFETs 
than in bulk MOSFETs due to the extra structural confinement by the thin 
body. Quantum mechanical (QM) effects have been included in compact 
models by introducing the effective oxide thickness for a bias-dependent 
reduction of the gate capacitance, and bias-independent correction for the 
V t h shift, separately.[12] However, the lack of predictability of this 
approach is particularly undesirable for the DG MOSFETs compact model 
since less data are available on DG MOSFETs than on single-gate 
MOSFETs. Several groups have investigated the influence of T si on the 
quantized carrier distribution and threshold voltage shift numerically [13] 
and analytically [14-16] in DG MOSFETs. However, these approaches are 
limited to the carrier distribution and electrostatic potential profile, but not 
extended to device characteristics, such as I-V and C-V. In this section, a 
new explicit description of the surface potential, accounting for the QM 
effects, is introduced. A bias-dependent QM correction for surface 
potential calculation is derived for all regimes of operation in DG 
MOSFETs. The QM model agrees with 2-D TCAD simulation results very 
well. 

While the channel carriers are confined in one-dimension, the subband 
splitting due to the field-induced electrical confinement (EC, Fig. 3.10(a)) 
has significant impact on device characteristics. The energy quantization is 
more complicated in the DG MOSFETs due to the extra structural 
confinement (SC) in the subthreshold region as shown in Fig. 3.10 (b). 

The quantum confinement in the DG MOSFETs is affected by the gate 
work function, gate dielectric thickness, body thickness, substrate doping 
and gate bias. In order to study the dependence of QM effects on these 
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device parameters, a self-consistent 1-D Schrodinger solver, SCHRED 2.1, 
is used for simulating DG FETs [17]. Fig. 3.11 shows the simulation 
results of the ratio of QM-corrected and classical charge density over 
different substrate doping concentrations for n-type symmetric/common- 
gate DG MOSFETs. 




Fig. 3.10. Energy-band diagrams of DG-MOSFET under different operation 
modes illustrate two mechanisms of carrier energy quantization in DG MOSFETs: 
(a) electrical confinement (EC); (b) structural confinement (SC). 



Gate Voltage (V) 


Fig. 3.11. The doping concentration dependence of QM effects. QM effects is 
very significant in heavily-doped device due to larger vertical E-field. 

In the subthreshold region, the ratio of charge reflects the V,i, shift, while 
in the strong inversion region, the ratio of charge indicates the amount of 
the gate capacitance degradation. In the undoped DG MOSFETs, QM 
effect is less significant due to weaker EC (smaller E-field). The SC is 
weak in this structure due to relatively thick T si . The dependence of body 
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thickness on QM effect is shown in Fig. 3.12. The QM effect is less 
significant in the heavily doped thinner body device due to weaker EC 
(electrical coupling from two gates). 
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Fig. 3.12. The body thickness dependence of QM effects. QM effect is weak in the 
heavily doped thinner body device due to smaller vertical E-field. 


As described in the previous sections, the surface potential is obtained 
by solving the Poisson’s equation and Gauss’s law. A bias-dependent 
ground-state subband energy in the unprimed valley (E 0 ) is added in the 
surface potential calculation. Trivedi et al. have calculated E 0 using the 
vibrational approach to include both structural and electrical confinement 
in DG MOSFETs.[14] Flowever, the model only considers the threshold 
voltage shift in intrinsic device with an undoped body. A modification was 
made to the E 0 calculation to extend the model to the strong inversion 
region for a doped body. The drift-diffusion equation [10] is then 
employed to obtain a model for drain current in terms of surface potential. 
The V t h shift and gate capacitance degradation are inherently captured 
without the need of any explicit individual modifications as long as the 
surface potential is modeled correctly as shown later. A surface potential 
correction term is added in the inversion carrier term when solving the 
Poisson’s equation: 
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where bo represents the vertical electric field dependence. Both structural 
and electrical confinements are included in the ground state subband 
energy. 


Fig. 3.13 shows the surface potential versus the gate voltage for a long- 
channel n-type symmetric/ common-gate DG MOSFET where 
source/drain is grounded. A uniformly doped body (5el8cm 3 ) is assumed. 
The model agrees with TAURUS 2-D device simulation very well from 
subthreshold region to strong inversion region. The increase of the surface 
potential due to the QM effect is well predicted by the model. Larger 
surface potential is needed to achieve the same level of inversion. 


The model can accurately predict surface potential over a wide range of 
body doping concentration. Fig. 3.14 shows the surface potential versus 
gate voltage for a symmetric/common-gate DG MOSFET with lightly 
doped body (lei6cm' 3 ). 

Fig. 3.15 shows the h-Vg characteristics of an n-type 
symmetrical/common-gate DG MOSFET for both classical and QM 
models. The oxide thickness of lnm and mid-gap workfunction gate 
material are used in the simulation. The body doping is 5el8cm' 3 . As seen 
from Fig. 3.15, the QM model predicts the V t h shift accurately when 
compared against the 2-D TCAD simulation results. 
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Gate Voltage (V) 

Fig. 3.13. QM-corrected surface potential solution agrees with 2-D simulation 
well. The QM-induced V, h shift in subthreshold region and C ox degradation in 
strong inversion region are simultaneously predicted as long as the QM-corrected 
surface potential is accurate. 



Gate Voltage (V) 

Fig. 3.14. Surface potential vs. gate voltage for a device with undoped body. The 
model predicts the doping dependence accurately. 

The ratio of QM-corrected and classical drain current obtained from 
the QM model and 2-D TCAD simulations are shown in Fig. 3.16. It 
clearly shows that the QM model predicts both the V,/, shift and gate 
capacitance degradation accurately. As a result, there is no need to 
introduce a definition of an effective oxide thickness. The model predicts 
QM effects accurately in all regimes of operation since the QM-corrected 
surface potential is modeled accurately. 
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Fig. 3.15. The classical and QM-corrected I-V characteristics for an n-type 
symmetrical/common-gate DG MOSFET. 



Fig. 3.16. The ratio of QM-corrected and classical drain current. The model 
captures the threshold voltage shift and gate capacitance degradation 
simultaneously through accurate surface potential calculations. 

The predictability of the model is important for multi-gate FET 
technology/circuits development. The QM model can predict the 
dependences of QM effects on various device parameters, such as N A , T si , 
T ox , etc. Fig. 3.17 shows that the predicted V, h shift matches the 2-D 
simulation results very well over a wide range of body doping 
concentration. Electrical confinement of carriers dominates in higher 
doping concentration region, while the structural confinement of carriers 
dominates in lower doping concentration region. 





3 BSIM-CMG: A Compact Model for Multi-Gate Transistors 137 



Fig. 3.17. V,h shift can be modeled accurately over a wide range of body doping. 
EC dominates in higher doping region, while SC dominates in lower doping 
region. 


3.4.2.2 Short-channel Effects (SCE) 

The FinFET structure is becoming the most promising candidate to be 
scaled to the shortest channel length for a given oxide thickness due to the 
enhanced electrostatic control from the multiple gates. Critical geometry 
parameters which determine device short-channel behaviors include gate 
length, fin thickness, fin height, oxide thickness and channel doping. It is 
very important to include all these parameters in the short-channel model 
to give correct scalability over a wide range of device parameters. 

In BSIM-CMG, the degree of SCE (V th roll-off, drain-induced- 
barrier-lowering (DIBL), and subthreshold slope degradation) depends on 
strength of gate control which is modeled by a characteristic field 
penetration length (A = f(T ox , T si )) derived from quasi 2-D Poisson’s 
equation. The SCE model shows excellent agreements with 2-D TCAD 
simulation results without the use of any fitting parameters. Good 
scalability over T ox and T SI down to 30nm channel length ( L,,) is clearly 
visible. The SCE model is extended for considering the triple or more 
gates structures by making A = f(T ox , T si , H fni ). The SCE model 
implementation captures the 1 7 th roll-off, DIBL and subthreshold slope 
degradation for short-channel multi-gate FETs simultaneously. 
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The short-channel behavior is determined by the change in the min- 
mum potential barrier (A %„) inside the conduction channel due to the 
potential coupling from the drain terminal. Suzuki et al. [18] reported the 
scaling theory of double-gate MOSFETs by solving the 2-D Poisson’s 
equation of potential inside the conduction channel. A is modeled 
through a characteristic field penetration length. By linking A to the 
effective gate bias, this approach is computationally efficient and easily 
extended to consider QM effect-induced finite inversion charge thickness. 
Taur et al. [19] reported a full 2-D analytical solution of the potential and 
the subthreshold current which is accurate and predictive. However, the 
scale length X in this approach is obtained iteratively. An empirical fitting 
of X is needed for compact modeling. The flexibility of extending the 
model in [19] to consider the QM effects remains questionable. 

For the BSIM-CMG and BSIM-IMG models, a sophisticated SCE 
model based on Suzuki’s approach is developed. Fig. 3.18 shows the 
schematic diagram of the symmetric/common gate DG-FET. The 2-D 
Poisson’s equation in the subthreshold region can be written as: 

d 2 y/(x,y) | d 2 y/(x,y) _qN A (3.39) 

dx 2 dy 2 s Si 

where N A is body doping. Since the transistor is in subthreshold regime, 
the inversion carriers are ignored. 
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Fig. 3.18. Schematic of the symmetric common-gate DG-FET under study. 
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In the subthreshold region, the parabolic potential profile is assumed in the 
vertical x-axis direction: [20] 


i//(x,y) = C 0 (y) + C 1 (y)-x + C 2 (y)-x 2 


(3.40) 


Combined with two boundary conditions at middle of channel (x=0) and 
channel/dielectric interface (x=T si /2 and x=-T s /2): 


di/f(x,y)\ 

dx 

di//(x,y) 
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(3.41) 

(3.42) 


where V g is the gate voltage, Vjb the flat band voltage, and '/( is the surface 
potential. The potential profile Wx,y) is given by: 
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(3.43) 


The SCE is determined by the change of minimum potential barrier. In 
the DG MOSFETs, the minimum potential barrier, which determines the 
leakage path, is located in the center plane of the channel. The potential at 
the center plane of the channel ( *F C ) is obtained by evaluating equation 
3.43 at x=0: 


v / c{y)=v's{y)- Vg Vjb f 


(3. 44) 


The potential profile '/ y (x,y) is then expressed in terms of '/(Ay. The 
resulting expression is substituted in the 2-D Poisson’s equation of 
potential. We can formulate the differential equation of potential at the 
center plane of channel in terms of characteristic field penetration length 
(A). 


dy c ( y) Vs-Vjb-Vc (_y) _ gN A (3.45) 

dx 1 A 2 s Si 


where: 
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Applying two boundary conditions for '/'(y) where t f / c (y=0)=V bl and 
x f / c (y=L) = V h i+ V ds , one can solve the above Poisson’s equation for l L(y)'■ 
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The minimum point of </> c (y) will determine the short-channel behavior and 
is formulated as: 


Vc ( min ) = V sl - 
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where 


z o = V hi ~V SL and Z L = V bi - V SL + V ds 


(3.50) 


The minimum potential barrier '¥ c (min) is controlled by device 
geometry, channel doping and drain potential. One can use an effective V g 
shift (AVg) in the long-channel model to obtain the same potential barrier 
for short-channel devices: 

AV g =y / c {mm)-V SL (3.51) 

Since the voltage shift is function of gate bias, it captures the change in 
subthreshold slope simultaneously. 

Fig. 3.19 compares the model-predicted Id-V g characteristics against 2-D 
TCAD results for difference channel lengths. The model predicts both 1 7 th 
roll-off and subthreshold degradation simultaneously without the use of 
any fitting parameters. 
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Fig. 3.20 (a) and (b) compares the threshold voltage ( V th ) roll-off 
extracted from the model against 2-D TCAD results without the use of any 
fitting parameter. Good scalability over T ox and T si down to 30nm channel 
length ( L g ) is clearly visible. 
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Fig. 3.19. Model-predicted L dependence of Id-Vg characteristics against TCAD 
simulation results. 
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Fig. 3.20. Scalability of SCE model has been demonstrated through threshold 
voltage roll-off for different (a) oxide thickness and (b) body thickness for DG- 
FETs. 


For a FinFET with more than two gates, the physical location of the 
minimum potential barrier (or the path for maximum drain leakage 
current) is different from that in a DG-FET. The extra electrostatic control 
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from vertical ends (top gate or bottom gate) reduces short-channel effects. 
The V t h roll-off decreases as fin height (H rm ) decreases. Fig. 3.21 shows the 
current density distribution of triple-gate FinFET biased in the 
subthreshold region. The most leaky channel path is located at the center 
bottom of the fin where the electrostatic control from the gate is the 
weakest. The potential barrier at this most leaky path decreases as fin 
height increases, resulting in an Hf m dependence of short-channel effects. 

Pei et al. have proposed a 3-D analytical electrostatic potential based on 
the solution of the 3-D Laplace equation in subthreshold region to predict 
the short-channel behavior of FinFETs.[21] In Eq. 3.46, the DG-FET 
short-channel effect are modeled by a characteristic field penetration 
length ()=f(T 0X , T si )). To model the fin height dependence on short-channel 
effects, a new characteristic field penetration length 2 H f m is introduced: 


A 


'Hjln 



1 + - 


sH 


fin 


2 ^ Si T o X J 




(3.52) 



Fig. 3.21. Leakage current path is different in triple-gate FETs due to 3D effects. 
The most leaky path located at the bottom center of the fin. 
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The final characteristic length used in the short-channel model will be the 
average of the two scaling lengths: 




(3.53) 


f iy 

— 4 

= 0.5 


\^Hfin J 


where a = 0 for DG-FET, a = 0.5 for triple-gate FET, a = 1 for 
surrounding-gate FET. Note that in the case of triple-gate FET, one can 
also use different oxide thickness in X and X Hfl „ to model the thick Si0 2 
layer (hard mask) on top of the fin. Fig. 3.22 shows the comparison of 
predicted V,i, roll-off between compact model and the TCAD simulations. 
Fin height dependence for the short-channel effect is verified using 3-D 
TCAD simulation. As shown in Fig. 3.22, the V, h roll-off increases as fin 
height increases for a given fin thickness. The model agrees with the 
TCAD simulation results very well. By making the characteristic field 
penetration length as a function of Hf im the DG short-channel model is 
extended to triple-gate and surrounding-gate FETs. 
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Fig. 3.22. SCE model exhibits fin height scalability for tri-gate FETs (Symbols: 
TCAD, Lines: Model). 
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3.4.3 Experimental Verification 

The BSIM-CMG model has been used to describe the measurements of 
two different FinFET technologies - SOI FinFETs and bulk FinFETs.[9] 
BSIM-CMG is used to represent the measured drain current and its 
derivatives, transconductance (g m ) and output conductance (g*), for both 
long-channel and short-channel Multigate FETs. 

The SOI FinFETs were fabricated on a lightly doped, 60nm-thick film 
with 2nm Si02 dielectric and a strained TiSiN gate. The strained gate 
strains the channel to enhance the electron mobility, hence increasing the 
current drive. Measured devices had 20 parallel fins, where each fin is 
22nm thick. Figure 3.23 shows the model fitting to Ij and its derivatives 
for short-channel L g = 90nm device. Precise modeling of physical 
phenomenon such as DIBL, mobility degradation, channel length 
modulation and GIDL is clearly visible from Figure 3.23. To further 
illustrate the strength of model for use in analog design, Figure 3.24 shows 
the model description of transconductance efficiency ( gjld ) and output 
conductance (g*) of a long-channel device SOI FinFET (L g = 1pm). 





(d) 


Fig. 3.23. BSIM-CMG model fitting to short-channel SOI FinFETs ( L g = 90nm). 
Symbols represent the measured data and lines indicate model fitting results. 
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Fig. 3.24. BSIM-CMG model fitting to analog design metrics (a) g m /I d and (b) g ds 
for long-channel SOI FinFET (L g =1 pm). Symbols represent the measured data 
and lines indicate model fitting results. 


The BSIM-CMG model has also been verified against bulk FinFET 
measurements. Bulk FinFETs with moderate doping were fabricated with a 
TiN gate. Measured devices have 25nm thick fins and an EOT of 1.95nm. 
Figure 3.25 shows the measured short-channel (L g = 50nm) characteristics 
and the corresponding BSIM-CMG fitting results. As explained earlier in 
Section 3.3.1, BSIM-CMG is extended to bulk FinFETs by the addition of 
“bulk” node and substrate current model. The measured bulk current for 
the short-channel bulk FinFET together with model fitting in shown in 
Figure 3.25(b). Good agreement is observed between the model and the 
measured data for the long-channel ( L g = 0.97pm) transistor as well. 
Derivatives of the drain current, g m and g ds , are shown for the long-channel 
bulk FinFET in Figure 3.26. 

The experimental verification shows that BSIM-CMG accurately 
captures the characteristics of advanced multi-gate FETs. Triple-gate 
multi-gate FETs were used for model verification demonstrating the ability 
of the model to capture phenomena such as comer effects which are 
unique to tri-gate and quadruple-gate FETs. The model is able to describe 
both SOI and bulk silicon based multi-gate FET technologies. Accurate 
description of the drain current and its derivatives warrants the use of 
BSIM-CMG for both digital and analog designs. 
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Fig. 3.25. BSIM-CMG model fitting to short-channel bulk FinFETs (L g =50nm). 
Symbols represent the measured data and lines indicate model fitting results. 



Gate Voltage (V) Drain Voltage (V) 

(a) (b) 


Fig. 3.26. BSIM-CMG model fitting to analog design metrics (a) 
transconductance g m and (b) output conductance g ds for a long-channel bulk 
FinFET ( L g =0.97|im). Symbols represent the measured data and lines indicate 
model fitting results. 
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3.5 The BSIM-IMG Model 

BSIM-IMG models multi-gate FETs with independent gate control and 
asymmetry in the transistor structure. BSIM-IMG model is also surface 
potential based. A separate core DG-FET model is developed for 
independent double-gate FETs with a lightly-doped body. The core model 
consists of a long-channel surface potential model, I-V model and C-V 
model. Following the core model, several physical effects are added. 

This section discusses the surface potential solution of the core long- 
channel DG-FET with independent gate operation and ends with a brief 
note on BSIM-IMG implementation and features. 

3.5.1 Surface Potential of Independent DG-FET 

Figure 3.27 shows the schematic of the DG-FET under study. The 
asymmetric DG-FET can have different front and the back dielectric 
thickness and different gate workfunctions. Since the threshold voltage of 
an independent DG-FET can be tuned by adjusting the back gate bias 
(Vg s2 ), there is no need for significant doping in the body. The core model 
is developed assuming a lightly-doped body. 



®m1 

■ 

T 

_ 

Source < 

(0,0) 

M's,(y) 

V ch (y)| 


1 oxl 

To 

Drain 


’y 



1 Si 


X 

T 



®m2 

1 ox2 

- 


V g 2 


Fig. 3.27. Schematic of the independent/asymmetric DG-FET under study 
showing the asymmetry in dielectric thickness and workfunction. 

The electronic potential in the body is obtained by solving the 1-D 
Poisson’s equation together with Gauss’s law at the front and back 
surfaces as the boundary conditions. The 1-D Poisson’s equation for the 
lightly doped body can be written as: 
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(3.55) 


where y/ s i(y) and y/ S 2 (y) are the front and back surface potentials 
respectively. The solution to Eq. (3.54) depends on the existence of the 


zero electric field plane, 



-0. 


If the zero electric plane (x 0 ) exists, i.e.-oo<x 0 <oo, the potential in the body 
can be written as [22] 


v(x>y) = v A (y)-—- in 



2s Si kT 


sin 


2 fix 

v 4 




+a 


(3.56) 
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where a and /? are a function of the applied bias. The boundary condition 
for this case can be obtained by substituting Eq. (3.56) in Eq. (3.55). 
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The unknown 


parameters a and ft in Eq. (3.56) are obtained by solving the system of 
equations in Eq. (3.57). It is interesting to note that for a symmetric DG- 
FET, when the zero-field plane lies in the middle of the silicon film (xo = 
0 ), /? = n/2 and the Eq. (3.57) is identical to the surface potential equation 
for a lightly doped DG-FET, Eq. (3.19). 
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If the device is heavily asymmetrical due to the workfiinction difference 
between the two gates and different bias applied to the two gates, the zero 
electric field plane may not exist at all. In this case, the potential profile in 
the body is given by: 


¥{ x ,y) = V ch {y)-—- In 



_L_yv_sinh 


2s Si kT 


2 fix 

v^T 


vi 


+ a 


(3. 58) 


The unknowns a and ft are determined by solving the new boundary 
conditions which are obtained by using the definition of y/(x,y), Eq. 3.58, 
in Eq. 3.55: 
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Eqs. (3.56)-(3.59) together yield the potentials at the front and back 
surface of an asymmetric DG-FET under all bias conditions. Figure 3.28 
shows the surface potentials for the case of a DG-FET with an N + front 
gate and a P + back gate. The back gate is biased at V g2 = OV and the 
voltage of front gate is varied. 



Fig. 3.28. Front and back surface potential equation in an asymmetrical, 
independent-gate DG-FET from the model (lines) and TCAD (symbols). 
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The surface potential at the source and drain ends are obtained by 
solving Eqs. (3.56)-(3.59) at V ch (0) = 0 and V ch (L) = V ds respectively. The 
I-V and C-V model can be developed using the surface potentials at source 
and drain ends. 

3.5.2 BSIM-IMG Features 

Figure 3.29(a) shows the drain current calculated from the model as a 
function of front gate voltage for different back biasing. BSIM-IMG has 
excellent accuracy and the threshold voltage variation with back-gate bias 
is accurately predicted by the model. Figure 3.29(b) shows good 
agreement between the C-V model of BSIM-IMG and TCAD simulations. 
The inherent symmetry in the model is clearly indicated by the equality of 
capacitances C gld = C gls at V ds = 0V. The verification shown against TCAD 
in Figure 3.29 did not use any fitting parameters confirming the rooted 
physics and scalability of the model. 

Numerous physical effects are added to the core model to produce an 
accurate independent/asymmetric multi-gate FET. The similarity in the 
frameworks allows BSIM-IMG to re-use several physical effects from 
BSIM-CMG with moderate changes. Table 3.2 lists the physical effects 
modeled in BSIM-IMG. 



Fig. 3.29. Verification of the core BSIM-IMG model prediction (lines) against 
TCAD simulation (symbols) for the (a) I-V model and (b) C-V model for two 
different DG-FET structures. 
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Table 3.2. List of physical effects modeled in BSIM-IMG. 

1) Quantum Mechanical Effects 

2) Short-channel Effects 

a) V,h roll-off 

b) DIBL 

c) Sub-threshold slope 

d) Channel length modulation 

3) Series resistance 

4) Mobility degradation 

5) Velocity Saturation 

6) Velocity Overshoot/Source-End Velocity Limit 

7) Gate Induced Drain (Source) Leakage (GIDL, GISL) 

8) Impact Ionization 

9) S/D Junction leakage 

10) Gate tunneling 

11) Parasitic capacitance 


3.6 Summary 

The BSIM-CMG and BSIM-IMG together constitute a versatile multi¬ 
gate MOSFET compact model. It is ready to serve multi-gate CMOS 
technologists and circuit designers to facilitate the transition from the 
conventional planar MOSFET structure to multi-gate FET structures such 
as the FinFETs. 
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4 Physics of the Multigate MOS System 


Bogdan Majkusiak 


4.1 Device electrostatics 

The schematic structure in Fig. 4.1 illustrates the geometry of the 
multigate MOS system in its simplest form. The semiconductor body in 
the middle of the structure is the transport region, through which electrons 
travel from the source to the drain. The semiconductor region is 
surrounded by the gate stack. 



Fig. 4.1. Geometry of the multigate MOS system. 

The gates can be connected together or can be electrically isolated. If 
there are no side gates, the structure is a double-gate device. If the back 
oxide is very thick, the structure can be regarded as a single-gate silicon- 
on-insulator device. If there are side gates and if the back oxide is very 
thick, the structure is the triple-gate device. The cross section of the 
multigate system can be non-rectangular, for instance cylindrical or 
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triangular, but in this chapter, a rectangular channel cross section will be 
considered since it is easier to use to illustrate the physics of the device. 

Studying the electrostatics of the device involves the determination of 
the electrostatic potential (f> and the charge density p in the structure under 
given bias conditions. The charge density comprises contributions from 
electrons, holes, positively and negatively ionized impurities with 
concentrations n,p, N d ', and N a , respectively: 


p{r)=q[p- n +N d + -N a 


(4.1) 


and is tied to the electrostatic potential through Poisson's equation: 


vV = 


p 

£ 


(4.2) 


where s is the electrical permittivity. 


In the quantum-mechanical approach, an electron in a given state is 
described by a wave function (fir) that depends on the position r, since 
electrons are not strictly localized in the geometrical space. The spectrum 
of the wave functions qir) and the allowed energy states can be found by 
solving Schrodinger’s equation using the effective mass approximation: 


-v(/n e _1 V <p)+ E c (r)(p = E<p 


(4.3) 


The boundary conditions for this equation are set by imposing continuity 
for cp and for the product mf'V cp at the boundaries of the different regions 
of the device. 


In (4.3), m c , is the reciprocal electron effective mass tensor. The bottom 
of the silicon conduction band can be represented by six valleys located on 
the wave vector axes corresponding to the motion along [100]-equivalent 
directions in the crystal. For a (lOO)-oriented crystal surface and a (100) 
oriented the channel cross-section, these axes coincide with the directions 
x,y, z of the device, as shown in Fig. 4.2, and the reciprocal effective mass 
tensor is diagonal. The dynamics of electrons near the valley edges can be 
approximated by parabolic E(k) relationships with a longitudinal effective 
mass 777/ = 0.916777,) and a transverse effective mass m, = 0.1 9m 0 as 
parameters. Therefore, there are two spectra of allowed energies for the 
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motion of electrons in any given direction of the silicon crystal, resulting 
from solving (4.3) with either m e = mi or m e = m,. 



Fig. 4.2. Constant energy ellipsoids of the conduction band for the (100) oriented 
silicon surface against a background of the geometrical space. 

The concentration of electrons in a given place r is obtained calculating 
the sum of the product of the occupation probability of a given electron 
state J(E) by the state degeneracy factor g n , and the density of probability 
\(f>(r)\ 2 of finding the electron at location r. 

(4 ' 4) 

n 

over all allowed states. The set of the states can be discrete or quasi- 
continuous depending on the geometry of the system. 

Since there is no dimensional confinement for motion in the direction of 
the transport along the channel, x, the wave vector k x and the related 
kinetic energy component are a quasi-continuous function of x. The 
allowed states in the wave vector space create conduction modes at the 
intersection of the allowed k v and k z planes, as illustrated in Fig. 4.3. In this 
case, the summation over the energy levels connected with the motion in 
the x direction must be replaced by integration over the quasi-continuously 
changing E x spectrum with the use of the one-dimensional density-of-state 
function g 1d , starting from the bottom of each subband E = E n 
corresponding to the «-th wave function cp n (y,z)\ 
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Fig. 4.3. Change of the one-dimensional wave vector space volume with an 
increase of the total energy E under conservation of k Y and k z . 


Having a one-dimensional density of states (DOS) cr 1D means that the 
number of allowed states in the unit is confined to a one-dimensional 
geometrical space. The unit increment of the energy connected with 
motion is also confined in this space. Any increase of the total energy E 
with conserved k v and k : wave vectors corresponds to the change of the 
one-dimensional wave vector space volume dV klD = 2dk x at two sides of 
each ellipsoid, as shown in Fig. 4.3. Taking into account the density of 
states 2/27: of the phase space xk x (the factor 2 results from the spin 
degeneracy and 2n is the volume of the elementary cell in this space), one 
obtains: 


' 1 D 


(E) = 


dN w 
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dVk\D 

_^xj 2m x 

dE 

k y , k = ~ 2n 

dE 

n V 


ie - /•; 
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(4.6) 


where m x = mi or m, depending on which ellipsoid in the silicon conduction 
band is being considered, and 0 is the step function. 

Under thermal non-equilibrium, the occupation probability function /(£) 
changes with position. However, the current flow in the directions 
perpendicular to the gate surfaces (y and z) is practically negligible, and for 
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small perturbations of the thermal equilibrium in the transport direction x 
the occupation probability function can be approximated by the quasi¬ 
equilibrium Fermi-Dirac distribution function: 


f{E) = f{E,x) 


1 + exp 


1 

E~E Fn {x) 
k b T 


(4.7) 


with the electron quasi-Fermi level E Fn as x-position dependent parameter. 



Fig. 4.4. Change of the two-dimensional wave vector space volume with an 
increase of the total energy E under conservation of k : . 

If the width W s of the semiconductor body is large enough for the 
spectrum of allowed states connected with the motion in the y direction to 
be nearly continuous, free motion planes are created in the wave vector 
space in conjuction with with the k x space, as shown in Fig. 4.4. In such a 
case, the electrostatics problem can be simplified and one can skip the 
need for solving Schrodinger’s equation in the v-direction as well. Then, 
expression (4.4) must be modified and the summation over the energy 
connected with the motion in the x andy directions can be replaced by the 
following integration over the quasi-continuous energy spectrum: 

n(r) = ^ j \ ( p n (zf \a 2D {E)f{E,x)dE (48) 

n £„ 

where <j 2 d is the two-dimensional density-of-state function, which 
describes the number of allowed states in the two-dimensional unit of the 
geometrical space and the unit increment of the total energy under 
conservation of the k z component: 
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(4.9) 


In (4.9), m d2D = (m x m y ) 112 is the two-dimensional density-of-state mass 
for a given energy ellipsoid. For the (100)-equivalent silicon layer surface 
orientations m, 121:1 is equal to m t for electrons in the ellipsoids centered on 
the k. axis and to ( 777 / 777,) 1/2 for electrons in the ellipsoids centered on the k x 
or k y axes. Summation over the allowed E. energy levels must take into 
account the two spectra (7 =1,2) obtained from Schrodinger’s equation for 
two possible values of m z , including the appropriate degeneracy factor g v = 
2 for 777, = 777/ and g v = 4 for m-, = m,. Since the two-dimensional density of 
states is a constant quantity, the integration in (4.8) with the quasi¬ 
equilibrium Fermi-Dirac function (4.7) can be performed analytically and 
the electron concentration distribution in the silicon can be expressed as: 


<«= z z 


7 = 1.2 


§ vj m d2Dj 

n-h 2 


k B T ln| 


1 + exp 


E »- E * 

k B T 




(4.10) 



Fig. 4.5. Change of the three-dimensional wave vector space volume with an 
increase of the total energy E. 

Furthermore, if the thickness of the semiconductor body is large enough, 
such that the spectrum of allowed wave vectors and energies is quasi- 
continuous in all three directions, as illustrated in Fig. 4.5, one can avoid 
the need for solving the Schrodinger equation in the z direction as well, 
which yields the classical expression for the 3D the electron concentration: 
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n(r)= ]a 3D (E)f(E,x)dE 


(4.11) 


E c (r) 


where the three dimensional density-of-states function is expressed by: 

62 m-V /2 _ ( 4 - 12 ) 
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where m d3D is the three-dimensional density-of-states mass, which is the 
equivalent spherical band mass giving the same state population as six 
ellipsoidal bands: 
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d3D 
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(4.13) 


Equation (4.11) is usually written in the form: 


f 

n — N c ^> 1/2 

V 


E c ~E Fn 


(4.14) 


where Nc is the effective density of states for the conduction band: 


N n = 


1 


xh 2 


(4.15) 


and 3 ^ 2 ( 7 ) represents the Fermi integral of the V 2 order: 

2 ^ £ 1/2 (4.16) 
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In case of a non-degenerated conduction band, i.e., when 
t)--{E c -E F )/k B T<2, the Fermi-Dirac distribution can be 
approximated by the Maxwell-Boltzmann distribution: 


f 

n = N c exp 

v 


e c ~e f „ 

k„T , 


(4-17) 


Approaches based on the solution of the Schrodinger equation require 
applying appropriate boundary conditions. The problem is not trivial since 
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the quantum system is open for energy levels above the bottom of 
conduction band in the bulk of the gate electrodes and the electron wave 
functions can propagate within them infinitely. This renders the 
normalization of the wave functions impossible. The most common 
approximation used to solve this problem is based on the assumption that 
the wave functions vanish at a chosen plane: at the gate-insulator interface 
or at the insulator-semiconductor interface. The latter choice is equivalent 
to the assumption that the potential barrier ‘seen’ by electrons from the 
semiconductor side of the surface is infinite. Cutting the wave functions at 
a chosen plane results in a neglect of the probability represented by part of 
the wave functions propagating beyond this plane but also affects the 
resulting spectrum of allowed energies in the semiconductor region. 

Poisson’s equation, which is the equation at the core of our electrostatics 
problem, can also undergo some simplifications. It cannot, however, be 
simplified by separation into a set of one-dimensional equations, because 
the electrical charge density p(r) is not ascribed to any distinguished 
direction. 


E z (z) 

j E x (x+dx) 



E z (z+dz) 

Fig. 4.6. Electric charge as a source of changes of the electric field. 

Poisson’s equation can be written as: 

8E, | dE r | SE : _ p(x,y,z) < 418 ) 

dx By dz a 

Fig. 4.6 shows that the electric charge density is the source of electric 
field variations. Some simplification of the problem is possible if the 
electric field is constant or nearly constant in some directions. The first 
situation takes place in single- and double-gate devices if the channel 
width W s large enough for any edge effects to be negligible. In that case, 
the potential is practically constant along the y direction and the electric 
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field component E y is zero. Another approximation that is frequently used 
to describe long-channel transistors and that is known as the gradual 
channel approximation. It relies on the assumption that the variation of the 
lateral electric field cLEj/dy along the channel is much smaller than the 
variation of the transverse electric field dEJdx. 

In conclusion to this section, it is worthwhile noting that solving the 
electrostatics problem in the multigate MOS system can be simplified by 
eliminating the need for solving Schrodinger’s equation in one or two 
directions. Such a “classical” simplification has some implications that can 
be either insignificant or, on the contrary, quite important for the accuracy 
of the simulation, depending on the geometry and the dimensions of the 
structure. This will be investigated in the next chapter in the basis on 
numerical simulations of the double-gate MOS system. 


4.2 Double gate MOS system 

4.2.1 Modeling assumptions 

Figure 4.7 presents the energy band diagram and the allowed electron 
energy spectrum Ej in a symmetrical double-gate device, while Fig. 4.8 
shows the electron concentration distribution in the semiconductor at a 
gate voltage V G = 1 V. The (lOO)-oriented silicon layer has a thickness t s = 
10 nm and an acceptor atom concentration N A = 10 17 cm' 3 . The gate stack 
consist of a SiCF layer having a thickness t ox = 1 nm and a metal electrode 
with midgap work function <j) M = 4.6 eV. 

The energy levels E a corresponding to the longitudinal effective mass 
(solid lines in Fig. 4.7) are located closer to one another than levels E i2 , 
which correspond to the transverse mass (dashed lines). The electron 
Fermi level E Fn is assumed to overlap with the majority carrier Fermi level 
E F which ties the semiconductor region to the external voltage source. The 
energy bands relax to equilibrium outside the gate region. At the gate 
voltage under consideration, the charge density in the whole 
semiconductor region is dominated by the negative charge of electrons and 
the ionized acceptors. As a result, the potential energy exhibits a maximum 
in the middle of the semiconductor layer and decreases at the 
semiconductor surfaces, creating two quantum subwells. 
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Fig. 4.7. Band diagram of a symmetrical double-gate (DG) MOS system at 
V G =1V. 



DISTANCE z [nm] 

Fig. 4.8. Electron concentration distribution in the silicon body for different 
approaches: QM - quantum-mechanical, QM, - quantum-mechanical with no 
penetration of the barrier region, CL - classical. 

In order to emphasize the importance of the modeling assumptions that 
are being used, Fig. 4.8 shows the electron concentration distributions in 
the semiconductor which are obtained according to three approaches: QM 
- quantum-mechanical (4.10), QM, - quantum-mechanical with no 
penetration of the barrier region by the electron wave functions, which is 
equivalent to infinitely high oxide barrier, and CL - classical, based on 
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expression (4.14) which neglects energy quantization effects. The 
difference between the distributions becomes qualitative near the 
semiconductor interfaces. The distribution obtained from the classical 
approach exhibits maxima located exactly at the interfaces, 
correspondingly to the lowest potential energy, while the distributions 
resulting from the quantum-mechanical approaches exhibit peaks at a 
certain distance from the surfaces and decrease to a zero electron 
concentration (QM X ) or a near-zero concentration (QM) at the interfaces. 

The simplified quantum-mechanical approach that neglects the 
penetration of the electron wave functions in the gate oxide results in 
higher positions of the allowed energy levels and larger distances between 
them. The distance between energy levels affect the rate of transitions in 
scattering processes, which in turn determines the effective mobility of 
carriers. Fig. 4.9 shows the lowest longitudinal mass levels as a function of 
the total surface density of electrons in the semiconductor. 



ELECTRON DENSITY [cm -2 ] 


Fig. 4.9. Lowest longitudinal mass levels Eu as a function of the electron surface 
density for two approaches: QM - quantum-mechanical, and QM X - quantum- 
mechanical with no penetration of the gate oxide. 

The change of the electron concentration distribution due to the 
assumption that the electrons do not no penetrate the gate oxide also 
results in a larger average distance of electrons from the semiconductor 
surface, which for the case of the symmetrical double gate MOS structure 
can be defined as: 
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2 <d 2 (4.19) 

z av = j zn(z)dz / \n[z)dz 
o o 

As it can be seen in Fig. 4.10, the classical approach results in a 
significantly less average distance z av due to the location of the peak of the 
electron concentration at the semiconductor surface. 



Fig. 4.10. Average distance of the electrons from the semiconductor surface for 
different modeling approaches. 

An important physical approximation used in modeling multigate MOS 
structures of very small dimensions is the effective mass approximation. 
The energy band structure of a semiconductor crystal with dimensions that 
are only on the order of a few multiples of the lattice constant is expected 
to be dependent on the actual dimensions of the crystal. This problem has 
been tackled by many researchers and results based of first-principle (ab 
initio ) calculations of the energy structure of low-dimensional silicon 
crystals can be found in the literature. [1-4] The rather optimistic 
conclusion from [4] is that the effective mass theory based on the bulk 
silicon effective masses gives good description of the electronic states in 
silicon quantum wires with dimensions down to at least 1 nm. Other 
calculations [5-6] suggest that the effective mass in silicon layers confined 
between Si 02 regions increases significantly when the silicon thickness is 
decreased below approximately 6 nm. Furthermore, the silicon energy gap 
increases and becomes direct in very thin crystals. Only experimental 
results can tell us which model is closest to reality. 
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4.2.2 Gate voltage effect 

Fig. 4.11 presents the dependence of the electron energy levels Ey on 
gate voltage, with the Fermi level E Fn = E F being taken as reference 
energy. The minimum energy of the conduction band edge at the interfaces 
E Cs and in the middle of the semiconductor film E Cm is shown as well. 



Fig. 4.11. Electrons energy levels Ey and conduction band edge at the interfaces, 
E Cs , and in the middle of the semiconductor fdm, E Cm , vs. gate bias. 

Fig. 4.12 shows the distribution of electron concentration in the 
semiconductor region at different gate voltages. As can be seen, at low 
enough gate voltages, the electron concentration is lower than the acceptor 
concentration in the entire semiconductor film, and the surface subwells 
have a parabolic shape with a depth E Cm -E C s = qN A (tJ2.f!2s s . For 4=10 
nm and N A = 10 17 cm 3 this band bending is small and the semiconductor 
quantum well is practically rectangular, as shown in Fig. 4.13a. In this 
voltage range, the shape of the semiconductor potential well and the 
spectrum of the energy levels referred to the bottom of this well do not 
change when the gate voltage is increased. When the gate voltage 
increases, the energy of all the levels in the semiconductor decrease with 
respect to the electron Fermi level E Fn and their occupation probability 
increases, resulting in an exponential increase of the electron concentration 
in subthreshold operation. 
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DISTANCE z [nm] 

Fig. 4.12. Effect of gate voltage on electron concentration distribution in the 
silicon body of the symmetrical DG MOS structure. 



0 5 10 0 5 10 


(a) DISTANCE z [nm] (b) DISTANCE z [nm] 

Fig. 4.13. Distribution of the conduction band edge and the electron energy levels 
Ey at two gate voltages (a): F G <0.4V; (b) F G =1V. 

When the gate voltage is further increased, the electron concentration 
exceeds the acceptor concentration and the negative charge due to 
inversion electrons starts deepening the surface subwells, while the 
potential in the middle of the semiconductor E Cm saturates. The lowest 
energy levels enter the surface potential wells and gradually pair up, as 
e.g., Ei] and E 2 i, describing the electron states in more and more insulated 
surface subwells. At Vg = 1 V, the levels E n and E n practically overlap, as 
shown in Fig. 4.13b. The occupation probability of the levels confined in 
the wells is the highest, resulting in two maxima of electron concentration, 
as can be seen in Fig. 4.12 at high gate voltage. 
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Fig. 4.14. Gate voltage dependence of the electron densities in the subbands isl¬ 
and of the total electron density N e . 


Fig. 4.14 shows the gate voltage dependence of the contributions of 
different subbands Ny to the total electron surface density N e . Ny is 
determined by the position of a given level Ey relative to the electron 
Fermi level E Fm the valley degeneration factor g„ and the two-dimensional 
density-of-state mass m d2D : 


N, = T, Ev, 

1=1.2 i 
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1 + exp 
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F — F\ 

^Fn C ij 

k B T , 


(4.20) 


Although the level with the lowest longitudinal mass level, E n , is 
occupied with the greatest probability, the first transverse mass level E 12 
can hold more electrons due to the higher g v m d2D product, provided the 
energy distance between E u and E n is not too large. This is the case for 
low gate voltages. Since the energy distances between the levels increase 
with increasing the gate voltage and the lowest levels enter the surface 
subwell, most of the electron density, N e , is concentrated in the degenerate 
levels En =Ej 2 , at higher gate voltages. 


4.2.3 Semiconductor thickness effect 

The thickness of the semiconductor layer is one of the most important 
parameters of the double gate structure provided it is less than the sum of 
widths of the space charge regions induced by gate electrodes at the two 
semiconductor surfaces (i.e., provided the device is fully depleted). In the 
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opposite case (i.e., in a partially depleted device) the double gate MOS 
structure can be regarded as two separate bulk MOS structures connected 
in parallel by a common semiconductor substrate. The maximum width of 
the semiconductor space-charge region in a single-gate MOS structure 
xdmax is obtained at the onset of strong inversion. It iss equal to about 100 
nm for N A = 10 17 cm' 3 , for instance. It is worth noting that x dmax can be 
further increased under non-equilibrium, transient deep-depletion 
conditions. In general, one can say that the semiconductor region of a 
symmetrical DG structure is either fully depleted (FD) if t s < 2x dmax , or 
partially depleted (PD) if t s > 2x dmax . 



Fig. 4.15. Electron concentration profile at constant gate voltage (Fg= 1V) for 
different values of semiconductor film thickness, t s . 

Thinning the semiconductor layer results in different physical effects, 
particularly resulting from the quantum-mechanical confinement of 
electrons.[7-10] Fig. 4.15 shows the distribution of the electron 
concentration in the symmetrical DG MOS structure at a gate voltage of 
IV, with the semiconductor thickness t s as parameter. 

Fig. 4.16 presents the dependence of the electron energy levels on the 
semiconductor thickness while Fig. 4.17 compares the contribution of 
different subbands Ny to the total electron surface density N e . 

If the semiconductor layer is thicker than 2x dmax , the electron 
concentration distribution is the same as in two bulk MOS structures. The 
lowest energy levels create pairs confined in the surface subwells. At any 
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given gate voltage, the greatest contribution to the electron concentration is 
brought by the lowest levels corresponding to the longitudinal mass. 

As it can be seen in Fig.4.15, when the semiconductor layer is thinner 
than approximately 50 nm, the semiconductor region is in volume 
inversion [11] since that the electron concentration in the entire thickness 
of the semiconductor region is larger than the acceptor concentration. 



Fig. 4.16. The semiconductor thickness dependence of the energy levels Ej and 
the conduction band minima E Cs and E Cm . 

Further reduction of the semiconductor thickness results in decreasing 
the surface well depth E Cm - E Cs , as shown in Fig. 4.16. As a result, the 
electron concentration distribution becomes more uniform. When the 
semiconductor film is very thin, -3 nm or less- the electron concentration 
distribution can exhibit a single maximum located in the middle of the 
layer. In semiconductor films with a thickness ranging from about 
approximately 5nm to lOnm, the main contribution to the total surface 
carrier density comes from electrons in the lowest transverse mass level 
E/ 2 , owing to the changes of distance between the energy levels. For 
thickness values lower than 5 nm, the lowest energy level with 
longitudinal mass, E n , recovers its role as main the contributor to the total 
population of electrons, but the total electron surface density decreases due 
to the strong rise of all energy levels in a very narrow quantum well. 
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The predominance of a given level in the total population of electrons 
has an important influence on the conduction properties of the 
semiconductor channel since the effective mass of electrons in the 
transport direction x for the longitudinal mass levels E u is smaller than for 
the transverse mass levels E i2 . The averaged effective mobility of electrons 
will thus change with the semiconductor thickness, independently on its 
effect on scattering rates, due to the changes of participation of different 
subbands in the total electron population. The gate voltage dependence of 
the total semiconductor charge density with the semiconductor thickness as 
parameter is shown in Fig. 4.18 for a semiconductor body film doped with 
N a = 10 17 cm' 3 , and in Fig. 4.19 for an undoped device. 



Fig. 4.17. Dependence of the contribution of the different subbands Ey to the total 
electron surface density N e on the semiconductor film thickness. 



Fig. 4.18. Electron surface density vs. gate voltage for different values of the 
semiconductor film thickness. The doping concentration is A^=10 17 cm" 3 . 
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Fig. 4.19. Electron surface density vs. gate voltage for different values of the 
semiconductor film thickness. The semiconductor film is undoped. 

The use of a double gate MOS system insures good gate control of the 
electron concentration in the semiconductor region even if the semi¬ 
conductor film is undoped. This is a very beneficial feature since the 
scaling rules for bulk MOS transistors at the nanometer scale require 
extremely high substrate doping levels, which is detrimental to carrier 
mobility. In addition, the threshold voltage of very small transistors suffers 
from random doping fluctuation effects due to the discrete nature of 
doping atom distribution.[12] 

The total electron density in the channel region of a double-gate 
structure is larger than twice the density in the equivalent bulk MOS 
structure, unless the semiconductor thickness is in the range of only a few 
nanometers, in which case the strong quantization of the electron energy 
pushes the energy levels upwards, resulting in a decrease of the electron 
concentration. 

Fig. 4.18 illustrates another important property of the double-gate MOS 
system working in the full depletion regime: one can observe a reduction 
of the electron concentration subthreshold swing, S„, of the due to the 
elimination of the depletion layer capacitance. In analogy to the more 
familiar current subthreshold current swing S, S„ is defined as the increase 
in gate voltage that is required to increase the electron surface density 
tenfold, in subthreshold operation. 
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The theoretical dependence of the threshold voltage of the double-gate 
MOS structure on the semiconductor thickness has been investigated in 
Ref. [10]. In that paper, the threshold voltage is defined as the intersection 
of the linearly extrapolated N e ( Vo) curve with the gate voltage axis. Fig. 
4.20 shows the semiconductor thickness dependence of the threshold 
voltage defined as the gate voltage corresponding to the maximum value of 
d 2 NJdVG 2 , which corresponds to the maximum of dgJdVa if the electron 
mobility is constant.[13-14] When the semiconductor film is fully 
depleted, the threshold voltage decreases with decreasing t s as a result of a 
decrease of the acceptor ion charge (depletion charge). This effect is not 
observed if the semiconductor film is undoped. When the semiconductor is 
thin enough, on the other hand, the threshold voltage increases with 
decreasing the semiconductor thickness due to the increase of electron 
quantization energy. The latter effect is independent of the dopant 
concentration. 



Fig. 4.20. Threshold voltage of the doped DG MOS structure vs. semiconductor 
thickness. 


4.2.4 Asymmetry effects 

Asymmetry in a double gate MOS structure can result from the use of 
different composition oxide/gate stacks, usually due to the use of different 
gate electrode materials, for instance n + -type and p -type polysilicon.[15] 
Asymmetrical distributions of carriers in the surface regions can also be 
induced by using different bias conditions on the gates, provided they can 
be polarized individually (Multiple Independent-Gate FET, MIGFET).[16- 
18] The asymmetry can also result from compound composition of the 
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channel, as in the velocity modulation transistor [19] having the channel 
consisting of two semiconductor layers with strongly different transport 
properties. 

An asymmetrical architecture can be a consequence of the complexity of 
the double gate MOS fabrication process - this especially concerns planar 
DG MOS structures, in which the front and the back gate stacks are 
produced by different techniques - or can be designed intentionally. For 
instance, the ground plane SOI transistor is an asymmetrical transistor with 
a highly conductive layer under the buried oxide [20-22], which plays the 
role of a back gate connected to a fixed potential. The conductive plane 
under the buried oxide screens the semiconductor channel from the electric 
field lines originating in the drain, reducing drain-induced barrier lowering 
effects (DIBL).[23] The thinner the insulator between the ground plane 
and the semiconductor film (/. e .: the thinner buried oxide in the SOI 
structure), the more efficient the screening effect. [24] 



Fig. 4.21. Electron density in the channel as a function of gate voltage in a double¬ 
gate device. The second gate voltage, V G2 , is used as a parameter. 4=10 ran, N A = 
10 17 cm" 3 , 0 m = 4.6 eV. 

Modulating the work function of the back gate material or the potential 
of the back gate can help tuning the threshold voltage of the DG MOS 
transistor.[25-27] This is possible in fully depleted DG MOS structures 
because of the electrical coupling between the back gate and the front 
channel. The thinner the semiconductor layer, the stronger the influence of 
VQ 2 on the threshold voltage. In order to illustrate this effect, Fig. 4.21 
shows the simulated density of electrons at the surface of DG SOI device 
as a function of front gate voltage, with the back gate voltage as parameter. 
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Tuning the threshold voltage using a back gate bias is a very useful tool, 
but there is a penalty associated with it: there is a significant degradation 
of the subthreshold swing, compared to the case where the gates are 
connected together (Vqi = Voi ), which is indicated by the thick solid line in 
Fig. 4.21. If the back gate voltage is too negative, an accumulation layer 
can be induced at the back surface of the semiconductor body, and the 
subthreshold slope is degraded due to the voltage loss needed to deplete 
the accumulation region using the front gate. In the opposite case, i.e., 
when the back gate voltage is positive, the back interface of the 
semiconductor can be driven in strong inversion. In that case, it is difficult 
to switch off the channel by decreasing the front gate voltage, which 
results in subthreshold slope degradation as well. 

The detrimental effect of the fixed potential of the back gate on the 
subthreshold slope can be reduced by the use of asymmetrical gate stacks. 
It has been experimentally confirmed that the subthreshold slope can be 
improved if a thicker back oxide is used [28], as shown in Fig. 4.21. The 
coupling of the front gate electrode with the channel at the back surface of 
the semiconductor region is more efficient if the back gate oxide thickness 
is increased. And as a result, electrons in the inversion layer at the back 
surface of the semiconductor can be more effectively removed from this 
region by an increase of front gate bias when the back gate is positively 
biased. Fig. 4.22 compares the effect of the front gate potential on the 
electron concentration distribution in a semiconductor region for the cases 
of symmetrical gate stacks: t ox i = t OX 2 = 1 nm and asymmetrical gate stacks: 
t oxl = 1 nm, t ox2 = 5 nm. 



Fig. 4.22. Electron concentration distribution in the DG MOS structure for 
different bias conditions. t s = 10 nm, N A = 10 17 cm" 3 . 
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The lack of symmetry in the DG SOI structure can result not only in the 
loss of the volume inversion and subthreshold slope degradation, but also 
in an increase of the transverse electric field, which has a detrimental 
effect on mobility of carriers in the channel. Fig. 4.23 shows the simulated 
dependence of the transverse effective field in a DG MOS structure as a 
function of the electron surface density, N e , for different bias conditions. 
As can be observed, the symmetrical structure and symmetrical bias 
conditions in the DG MOS structure correspond to the lowest transverse 
effective field for a given total density of electrons in the channel. The 
effective field is defined as the local transverse electric field averaged over 
the electron population in the semiconductor film: 


E e g - ^\E„{z^n{z)dzI J n(z)dz 


(4.21) 



Fig. 4.23. Effective transverse electric field in the semiconductor body as a 
function the electron surface density induced by the front gate voltage, for a fixed 
back gate voltage. 

As a conclusion to this section on asymmetry effects, it can be said that 
the design parameters and the back-gate bias of the asymmetrical DG 
MOS transistors should be optimized to obtain a good trade-off between 
the beneficial effect of the structure on DIBL and the detrimental effects 
on the subthreshold slope and the carrier mobility, as it is in the case with 
ground-plane SOI transistors. [29] 
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4.2.5 Oxide thickness effect 

The insulator layer in the MOS system electrically separates the 
semiconductor region from the gate electrode, while simultaneously 
serving as a medium transferring the field effect of the gate electrode in the 
semiconductor region. The thinner the insulator layer, the higher the 
electron concentration induced at the semiconductor surface. Additionally, 
thinning the insulator layer shields the channel carriers from the fringing 
field lines originated in the drain, thereby reducing short-channel effects. 
However, reduction of the insulator layer thickness below 2 nm results in 
an increase of gate tunnel leakage current. The boundary on minimum gate 
insulator thickness in the DG MOS system is set by three conditions: (i) if 
the insulator is too thin, the total tunnel current in the circuit becomes too 
large and significantly increases the standby power consumption, (ii) if the 
insulator is too thin, the current of electrons tunneling from the transistor 
channel in the gate becomes comparable to the drain current in magnitude, 
(iii) if the insulator is too thin, coupling of the wave function between the 
semiconductor and the gate regions becomes too large, resulting in a loss 
of electron localization. The first of these limitations is defined by 
requirements at the circuit level, the second one jeopardizes the correct 
operation of the transistor, while the last one constitutes a fundamental 
quantum-mechanical limit for the minimum insulator thickness in the 
MOS system. 

The quantum-mechanical limit for the minimum oxide thickness in the 
MOS system has been addressed in Ref. [30] using the effective mass 
approximation. The calculation is based on a simple representation of the 
double-gate vacuum/Si/Si0 2 /Si/Si02/Si/vacuum system formed by a 
central silicon quantum well sandwiched between two gate-stack quantum 
wells. The electron effective mass in the vacuum, oxide and silicon regions 
is assumed to be m v = m 0 in the vacuum, m b = 0.5 m 0 in the oxide, and m w = 
0.19/77o in the silicon, respectively. 

Fig. 4.24 presents the electron energy levels in the system as a function 
the gate oxide barrier thickness. The dimensions of the quantum wells are 
10 nm (gate wells) and 5 nm (central well). Such small dimensions allow 
for the direct observation of the distance between the discrete energy 
levels. In addition, the central well levels E s can be distinguished from the 
gate levels E g . When the gate oxide thickness is smaller than 
approximately 0.5 nm, the central well levels become a function of the 
oxide thickness, and the splitting of the gate levels is observed. 
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Fig. 4.24. Dependence of the energy levels on the gate oxide thickness in a 
rectangular double-gate quantum well system. 

Fig. 4.25 shows the probability that the electrons at different energy 
levels be located within the boundaries of the central silicon well as a 
function of the gate oxide thickness. If the gate oxide barriers are thicker 
than approximately 0.5 nm, the electrons from the E s energy levels (solid 
lines) are mostly located within the central well and the electrons from the 
gate levels E g (dashed lines) are very likely to be located outside the 
central well, i.e. , in the gate wells. When the oxide thickness is reduced 
below 0.5 nm, however, the wavefunctions of the electrons located in the 
E s subbands leak out in the gate and wavefunctions located in the E g 
subbands leak in the central well. Using this simplified model and 
simulation based on the effective mass approximation one can determine 
the limit for the SiOi thickness in the MOS system due to the uncertainty 
of the electron location to be about 0.4-0.5 nm. 

Fig. 4.25 clearly illustrates the physical problem of the uncertainty on 
the electron location. The limit of the oxide thickness can be evaluated in a 
simple manner, using the exponential term of the simplified WKB formula 
for the tunneling probability: 

P ~ ex p(- 2/c ox t ox )»1 (4.22) 

where k ox is the imaginary wave vector in the oxide barrier. According to 
this expression, the tunneling probability through the 0.5nm-thick Si0 2 
layer with an energy barrier of 3eV is equal to 2x I O ’. 
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Fig. 4.25. Semiconductor thickness dependence of the probability located within 
the central quantum well of the DG MOS system. 


4.2.6 Electron tunnel current 


The current of electrons tunneling from the semiconductor region to the 
gate electrodes is given by summation of contributions from the different 
energy subbands: 


7 = 1.2 



(4.23) 


where t v is the lifetime (or: the escape time) of electrons from the ij- th 
subband. It is assumed that the lifetimes for all states corresponding to the 
same energy of the motion in the direction perpendicular to the potential 
barrier are identical. 


There are different approaches to determine the lifetime of 
electrons. [31] The simplest quantum-mechanical approach is based on the 
Heisenberg uncertainly principle: 





(4.24) 


According to the quantum transmitting boundary method [32] and the 
transverse resonance method [33], F/2 is the imaginary part of the 
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complex energy eigenvalue obtained from solution of the Schrodinger 
equation. In case of the double barrier system r can be determined as the 
half width of the resonant tunneling probability peak [34], as illustrated in 
Fig. 4.26, in which the probability of tunneling through the double barrier 
system is shown. The resonant peaks correspond to the quasi-bound levels 
of the central quantum well. Ref. [35] proposes to calculate r as the half 
width of the peak of the derivative of the phase of the complex reflection 
coefficient. In turn, Ref. [36] calculates r using the perfectly matched 
layer method, in the analogy to the formalism used in electromagnetics. 
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Fig. 4.26. Resonant tunneling probability through a symmetrical double-barrier 
system. V G = IV, t s = 10 ran, t ox = 1 nm, N A = 10 l7 cm" 3 . 

All these methods are difficult to use in practice because of they involve 
a complicated calculation procedure. It is much easier to use the quasi- 
classical approach [37] which expresses the reciprocal of the lifetime as 
the product of the frequency of impacts of electrons against the barrier and 
the probability of tunneling from the quantum well P(E X ). Since the escape 
of electrons from the semiconductor region of the double-gate structure 
may happen due to tunneling through the front or through the back oxide 
with a probability Pj and P 2 , respectively, the lifetime for the quasi-bound 
state in the double gate structure can be expressed according to the quasi- 
classical approach as: 

hj~ l =f im M+P2)=UP l +P 2 ) 

t T 


(4.25) 
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where the impact frequency is expressed as a reciprocal of the travel time 
between the subsequent impact events, i.e., the time of travel around the 
quantum well: 


t, = 





aK /2 


dz 


(4.26) 


Theoretical comparisons of the lifetimes calculated with the use of the 
quantum-mechanical and quasi-classical approaches are in good 
quantitative agreement.[38-39] In order to illustrate this agreement, Fig. 
4.27 shows the lifetime of electrons in different energy subbands of the 
semiconductor well. The well thickness is 40 nm and the gate voltage is 
IV. The lifetime is calculated using both the resonant tunneling peak 
method and the quasi-classical approach. The lifetime of electrons on the 
transverse mass levels E a is shorter than that of electrons on the 
longitudinal mass levels E u due to the lower effective mass. One can 
observe the excellent agreement between the two calculation methods. 



Fig. 4.27. Lifetime of electrons in the quasi-bound state according to the resonant 
tunneling peak approach and the quasi-classical approach. 

For the quasi-bound states above the top of the central barrier E,j> Ecmn 
an increase of the energy results in a decrease of the lifetime due to the 
decrease of the travel time (higher kinetic energy) and the increase of the 
tunneling probability (lower barrier). In the opposite case, i.e., for Ey < E Cm 
corresponding to confinement of electrons in the surface subwells, an 
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increase of the energy results in an increase of the lifetime due to the 
increase of the travel time. 

Fig. 4.28 shows the gate voltage dependence of the current resulting 
from the tunneling of electrons from the semiconductor region into the 
gate electrodes for different values of the semiconductor film thickness. 
The tunnel current from the quasi-bound states in a classical bulk MOS 
structure is also presented for comparison. A curve representing twice the 
gate current in the bulk device is also shown, for the sake of fair 
comparison with the double-gate structure. At high gate voltages, when 
electrons mainly are localized in surface subwells, the tunneling current in 
the double gate structure is equal to the (doubled) current in the bulk 
device. For a given gate voltage, a decrease of the semiconductor 
thickness brings about an increase of the gate tunnel current. This is 
especially visible for low voltages where the semiconductor film is 
depleted, and for semiconductor layers thinner than 20 nm. These results 
do not fully agree with measurement of the gate tunnel current made on 
FinFETs [40], highlighting the need for further research in that area. 
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Fig. 4.28. Electron tunnel current vs. gate voltage with the semiconductor 
thickness as parameter. 


Fig. 4.29 shows the electron tunnel current as a function of the electron 
surface density, N e . Note that in the 2xbulk curve the electron density is 
multiplied by two as well ( 2xNe ). The curves shown in Fig. 4.29 indicate 
that the double gate structure is more advantageous than the bulk device, 
since the tunnel current is lower for any given value of the electron surface 
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density, unless the semiconductor layer is ultrathin. This conclusion is in 
agreement with experiment results found in the literature. [41 ] 



Fig. 4.29. Electron tunnel current vs. the electron density with the semiconductor 
thickness as a parameter. 


4.3 Two-dimensional confinement 

If both the thickness t s and the width W s of the semiconductor region are 
very small and the energy of the electrons in these directions is 
significantly quantized, the device becomes a quantum wire and the 
electrons in the channel form a one-dimensional electron gas (1DEG). The 
Schrodinger and Poisson equations can be solved self-consistently in two 
dimensions to calculate the electron concentration profile. The result of 
such calculations are qualitatively similar to those obtained for one¬ 
dimensional confinement.[42-45] This similarity can be exemplified by the 
two-dimensional distribution of electrons calculated in a silicon nanowire 
with a cylindrical section.[46-47] At high gate voltage, the electron 
distribution along the diameter of the channel section exhibits two maxima 
located in a certain distance from the surfaces, just like in the case of a 
symmetrical double gate structure. Like the double-gate MOS structure, 
the quantum wire exhibits volume inversion provided the dimensions of 
the wire section are small enough. The minimum energy of the subbands 
increases when the wire section is reduced, due to two-dimensional 
confinement effects, and the threshold voltage is larger that what is 
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predicted by classical theory. Furthermore, the threshold voltage increases 
when the cross section of the channel is reduced. [48] 

In case of the rectangular geometry of the semiconductor channel, the 
two-dimensional distributions of the electron concentration exhibit peaks 
near the comers of the cross-section of the semiconductor region due to the 
superimposed field effect of two sides of the gate electrode. These peaks 
are the intrinsic conductive part of the active structure and introduce 
specific features on the transistor current-voltage characteristics - 
sometimes, there appears a the second peak on the dg m /dV G characteristics, 
which indicates different threshold voltages at the corners of the device 
and at the top/sidewall interfaces (comer effect). This effect also degrades 
the subthreshold slope. The comer effect vanishes out if a low channel 
doping concentration is used and/or if the comers are rounded. [49] In that 
case the electron concentration distribution in the comers is similar to that 
at the top and sidewall interfaces.[50] 

Another specific effect resulting from quantum-mechanical one¬ 
dimensional confinement of electrons in low-dimensional multigate MOS 
channels is formation of one-dimensional energy subbands. The formation 
of subbands results in a phenomenon called the “inter-subband scattering” 
in which the presence of electrons in a given subband affects the mobility 
of electrons in other subbands. Inter-subband scattering manifests itself in 
the form of oscillations in the Id(Vg) characteristics of nanowire transistors 
a low temperature.[51] If the section of the device is small enough, the 
oscillations can be even be observed at room temperature. [52] 
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5 Mobility in Multigate MOSFETs 


Francisco Gamiz and Andres Godoy 


5.1 Introduction 

The continuing scaling of CMOS (Complementary Metal-Oxide- 
Semiconductor) technology requires significant innovations in different 
fields, from short channel effect suppression to carrier transport 
enhancement [1-5]: 

i) Firstly, multi-gate devices exhibit a scaling advantage due to better 
gate control of the channel, as has been widely discussed in 
previous chapters of this book. However, this in itself is not enough. 

ii) The second key to the further improvement of CMOS technology is 
the enhancement of carrier mobility in the device channel.[l] In 
recent years, much research activity has been focused on this task, 
with the use of specific doping profiles, the growth of lightly doped 
epitaxial layers on highly doped substrates [6], and even the use of 
silicon-related materials instead of silicon. In relation to the latter 
proposal, a significant step was taken with the introduction of 
strained silicon to build the MOSFET (Metal-Oxide-Semiconductor 
Field Effect Transistor) channel. [7] 

In this chapter we analyze the behavior of electron mobility in different 
multigate structures comprising double-gate transistors, FinFETs, and 
silicon nanowires. The effect of technological parameters on carrier 
mobility is broadly analyzed, and its behaviour physically explained. Our 
main goal is to show how mobility in multiple gate devices compares to 
that in single-gate devices and to study different approaches for improving 
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the mobility in these devices, such as different crystallographic 
orientations, strained Si channels, etc. 

We considered two kinds of multiple gate devices: quantum-well based 
devices, and quantum-wire based devices. Section 5.2 is devoted to the 
first group of devices, where carriers are confined in only one dimension 
but can move freely in the other two dimensions. Section 5.3 focuses on 
multigate silicon nanowires, where carrier confinement is produced in two 
dimensions. In this case, carriers are drifted in the other dimension. 

The different nature of these two types of device led us to develop 
different approaches to study the electrostatics and transport in each 
device. We have considered only n-channel devices. The behaviour of hole 
mobility in multigate devices is of course of great importance. [8-9] 
However hole mobility has been theoretically much less studied than 
electron mobility because of the complexity of the valence band, and large 
research efforts are still required. 


5.2 Double-Gate MOSFETs and FinFETs 

Several versions of multi-gate device are discussed extensively in the 
literature.[2-4] There are two varieties: planar and vertical structures [2] 
(Figure 5.1). The former group contains ground plane and back-gate 
devices, which are derivatives of the SOI device. [3] The vertical structures 
contain the FinFET [9-11], Omega FET [12], and the Tri-Gate.[13] 

A Planar Dual-Gate-Silicon-On-Insulator (DGSOI) structure consists, 
basically, of a silicon slab sandwiched between two oxide layers. A metal 
or a polysilicon film contacts each oxide (Figure 5.1 (left)). Each of these 
films acts as a gate electrode (front and back gate), which can generate an 
inversion region near the Si-Si 02 interfaces if an appropriate bias is 
applied. Thus, we would have two MOSFETs sharing the substrate, source 
and drain. The outstanding feature of these structures lies in the concept of 
volume inversion, introduced by Balestra et al. [14]: if the Si film is 
thicker than the sum of the depletion regions induced by the two gates, no 
interaction is produced between the two inversion layers. The operation of 
this device is similar to that of two conventional MOSFETs connected in 
parallel (Figure 5.2 (left)). 
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Fig. 5.1. Schematic representation of a Double-Gate transistor (left) and a FINFET 
(right). 


However, if the Si thickness is reduced, the whole silicon film is 
depleted and an important interaction occurs between the two potential 
wells. In such conditions the inversion layer is formed not only at the top 
and bottom of the silicon slab (i.e., near the two silicon-oxide interfaces) 
but throughout the entire silicon film thickness. It is then said that the 
device operates in ‘volume inversion i.e., carriers are no longer confined 
at the Si/Si0 2 interface, but distributed throughout the entire silicon 
volume (Figure 5.2 (right)). 


In a FinFET, if the height of the fin is greater than its thickness and the 
dielectric thickness on the upper side is greater than that on the lateral 
sides, the FinFET can be analyzed as a vertical Double-gate MOSFET 
(Figure 5.1 (right)). Otherwise, carriers are quantized in two dimensions 
and therefore the approach developed in Section 5.3 would have to be 
considered. 


Several authors have claimed that volume inversion presents a 
significant number of advantages, such as: i) enhancement of the number 
of minority carriers; ii) increase in carrier mobility and velocity due to the 
reduced influence of scattering associated with oxide and interface charges 
and surface roughness; iii) as a consequence of the latter, an increase in 
drain current and transconductance; iv) a decrease in low-frequency noise, 
and v) a large reduction in hot-carrier effects. [14] In addition, like other 
dual-gated devices, DGMOSFETs are claimed to be more immune to short 
channel effects (SCE) than bulk silicon MOSFETs or even than single gate 
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fully depleted SOI MOSFETs. This is due to the fact that the two gate 
electrodes jointly control the carriers, thus screening the drain field from 
the channel.[15] This latter feature would permit a much greater scaling 
down of these devices than was ever imagined in conventional MOSFETs. 



Fig. 5.2. Electron distribution and potential well for two DGSOI devices with 
different silicon-layer thicknesses and two values of the inversion charge 
concentration. Dashed lines correspond to fV„, v =lxl0 12 cm" 2 , and solid lines 
correspond to A,„ v =8xlO l2 cm" 2 . 

Some steps have been taken in the theoretical study of these devices: 

i) Ouisse has self-consistently solved Poisson’s and 
Schrodinger’s equations in ultrathin silicon-on-insulator 
structures and has studied the interaction between the front 
and back inversion layers as a function of the silicon film 
thickness, electron concentration and temperature.[16] 

ii) Majkusiak et al. have studied the dependence of the carrier 
distribution on the silicon thickness in DGSOI devices.[17- 
18] 

iii) Taur analytically studied the electrostatic of double gate 
MOSFETs. [19] 

iv) Fra nk et al. [15] have performed a Monte Carlo simulation 
of a 30 nm gate length DGMOSFET with a channel 
thickness of r w =5nm. The main finding of this study is that 
these ultrashort devices offer excellent properties for use in 
digital logic. 

v) Shoji et al. [20-21] have also studied the electronic structure 
of these devices. In addition, using a relaxation time 
approximation method, they have calculated the phonon- 
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limited electron mobility in double gate devices. In 
particular, they have shown that in DGMOSFETs, as silicon 
thickness is reduced, phonon-limited mobility gradually 
increases to a maximum around r„,=10nm, decreases in the 
7i,=5nm-l Onm range to values below the value this 
parameter presents in conventional bulk MOSFETs, rises 
rapidly to another maximum in the vicinity of T w =3nm and 
finally falls. They have also shown that the value of these 
maxima is highly dependent on the total electron 
concentration. According to these results, the optimum 
thickness of the silicon layer in DGMOSFETs is around 
7;,.= 1 Onm (from the point of view of phonon-limited 
mobility). 

vi) Esseni et al. [22-25] have studied both experimentally and 
theoretically DGSOI devices. These authors experimentally 
observed the improvement of the electron mobility in 
DGSOI devices for silicon thicknesses of lOnm and below 
compared to single gate operation. 

vii) Ravaioli et al. [26-28] have developed full-band Monte 
Carlo simulations to analyze the performance of scaled n- 
channel double-gate (DG) MOSFETs. They observed that 
the sheet charge in DG devices does not decrease as much 
as expected in bulk devices when quantum-mechanical 
effects are included. The average carrier velocity in the 
channel was also somewhat reduced by quantum effects, as 
a second-order effect. According to their simulations in a 
DG structure, quantum effects tend to concentrate the 
charge density in the center of the channel, where transverse 
fields are lower. Because of this, interface scattering 
appears to be less pronounced when quantum effects were 
included. 

viii) Dollfus et al. [29-30] have also simulated the behaviour of 
the mobility in different DGSOI structures by using a Monte 
Carlo simulation scheme. 

ix) Sverdlov et al. [31-32] have theoretically studied the effects 
of the strain and the crystallographic orientation of the 
silicon layer on different DGSOI structures. 

x) Fossum et al. [33-35] have also studied and modeled the 
behavior of the electron mobility in DGSOI devices. 

xi) Z. Ren et al. [36] have used a non-equilibrium Green’s 
function (NEGF) approach to examine the double gate (DG) 
MOSFET and similar structures. NEGF simulations are 




196 Francisco Gamiz and Andres Godoy 


used to examine: i) choice of body thickness, ii) effect of 
body thickness variations, iii) the required junction 
abruptness, iv) sensitivity of the device to gate-S/D 
(source/drain) over/underlap, and v) the impact of metal- 
semiconductor contact resistance. 

xii) Our group at the University of Granada has also carried out 
a large research activity around these devices.[37-40] This 
chapter summarizes our main results. 

Phonon scattering is not the only scattering mechanism present in 
multigate devices. Although other scattering mechanisms (namely, those 
associated with the Coulomb interaction with oxide and interface charges 
and with the roughness of the silicon-oxide interfaces) are likely to be 
weakened by a volume inversion operation [14-26], their contribution has 
to be taken into account. The weakness of these scattering mechanisms is 
justified, at least a priori, by the spread of the electrons throughout the 
whole silicon region. Nevertheless, we must not forget that in order to 
achieve volume inversion, both channels must interact strongly, and this 
only happens in the medium-high transverse electric field range when the 
silicon slab between the two oxides is thin enough (below 20 nm as 
pointed out by [16-20]). In these thin devices, although electrons are 
certainly spread along the whole silicon layer, they may not be far enough 
from the interfaces and may therefore be significantly affected by surface 
scattering mechanisms; much more so, in fact, than in bulk MOSFETs, 
since they are now interacting with two interfaces. This means that 
scattering mechanisms may play a very important role in the electron 
mobility in ultra-thin DGMOSFETs, contrary to what was previously 
believed. This imposes a serious limitation on the minimum silicon 
thicknesses which can be used in these devices, in addition to the 
limitations already presented by other physical and technological issues, as 
detailed elsewhere.[15,20] 

We have used a one-electron Monte Carlo method to study the 
stationary electron transport properties in DGSOI and FinFET inversion 
layers, focusing our attention on evaluation of the stationary drift velocity 
and the low-field mobility at room temperature and lower. Electron 
quantization in the inversion layer was taken into account in an appropriate 
manner, self-consistently solving Poisson's and Schrodinger’s equations 
assuming a simple non-parabolic band model for the silicon. Once the 
electron distribution in the silicon layer was determined, the Boltzmann 
transport equation was solved by the Monte Carlo method, simultaneously 
taking into account phonon, surface-roughness and Coulomb scattering. To 
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do this, it was necessary to improve on existing scattering models. The 
presence of two close silicon-oxide interfaces in a DGMOSFET makes it 
significantly different from its standard bulk counterparts. Therefore, we 
had to develop a new model capable of taking into account the effect of the 
roughness of both interfaces on the total scattering rate. This model has 
been applied to single-gate SOI MOSFETs.[37] The calculation of 
mobility curves in DGSOI devices in which Coulomb scattering is 
accurately included is also performed. The following sections give the 
mobility results together with a thorough explanation. We will also 
consider behavior at low temperatures and under asymmetrical operation. 
Other effects, such as the decrease in silicon thickness will be studied and 
finally we will consider arbitrary crystallographic orientations, strained 
silicon channels and the use of metal-gate/high-k stacks. 


5.2.1 Phonon-limited mobility 

To study electron mobility behavior in ultrathin DGSOI inversion 
layers, we used a one-electron Monte Carlo simulator.[38-40] 

Phonon, surface-roughness and Coulomb scattering were taken into 
account. We used bulk electron-phonon scattering models, considering 
acoustic deformation potential scattering and intervalley scattering 
(between both equivalent and non-equivalent valleys). The coupling 
constants for intervalley phonons and the acoustic deformation potential 
are the same as in bulk silicon inversion layers.[41-42] The phonon¬ 
scattering rates for inversion layers were deduced by using Price’s 
formulation.[43] The use of bulk phonons is questionable, as the presence 
of Si/Si0 2 interfaces undoubtedly alters the dispersion of the phonons, 
their nature and their coupling with the electrons. Previous studies [44] 
accounting for these effects in idealized conditions show that phonon- 
limited mobility is reduced by up to 20% [41] due to the presence of the 
Si/SiC >2 interfaces. However, if such idealized conditions are relaxed, an 
even lower reduction is expected. For these reasons and due to the 
difficulty of dealing with the effects of the interfaces on the phonon¬ 
scattering rate [41,44], we have assumed that the bulk phonons are not 
influenced by the layered structure. In any case, the presence of the two 
Si/Si0 2 interfaces becomes more important as the silicon layer thickness is 
reduced. This effect is analyzed later in this chapter. Finally, the effect of 
Si0 2 polar-phonon remote scattering is initially ignored, although in the 
later sections we will analyze its effect when high-k dielectrics are used. 

In our simulations the electron energy was limited to 0.5 eV, since for 
higher electron energies the results obtained from the simulation are not 
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likely to be very accurate unless a detailed band structure is used. As the 
silicon band gap was set to 1.12 eV at room temperature (thus setting the 
energy threshold for the impact ionization process), impact ionization was 
not included. 


By using this simulator, we were able to calculate the electron mobility 
in DGSOI inversion layers for different silicon film thicknesses (T w ). Our 
attention was focused on evaluating the stationary drift velocity and the 
low-field mobility. A comprehensive description of this simulator can be 
found elsewhere.[37-38,45-47] 


Figure 5.3 shows the electron mobility curves versus the transverse 
effective field for different silicon layer thicknesses, calculated at room 
temperature and taking only phonon scattering into account. For 
comparison, the electron mobility in a bulk silicon inversion layer at room 
temperature is also shown. It can be observed in this figure that there is 
more than one trend in electron mobility as the silicon slab thickness is 
reduced and that, in addition, this behavior is highly dependent on the 
value of the electric field. 



Only phonon 
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—lOnm -1.5 nm 
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Fig. 5.3. Phonon-limited mobility in a DGSOI versus the transverse effective field 
for different thicknesses of the silicon slab. 

To illustrate this more clearly, Figure 5.4 shows the electron mobility 
versus silicon layer thickness for two different electric field values. 
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Basically, our Monte Carlo results reproduce, qualitatively, the results 
obtained by Shoji et al. [20-21] for DGSOI inversion layers using the 
relaxation time approximation. 



Fig. 5.4. Evolution of phonon limited mobility with the silicon thickness at room 
temperature for a DGSOI transistor. 

As silicon thickness is reduced, the phonon-limited mobility increases 
gradually to a maximum around 7' H =1 Onm (for Eeh-=5x 10 5 V/cm), 
decreases in the r„,=5nm-10nm range to values below those of this 
parameter in conventional bulk MOSFETs, rises rapidly to another 
maximum in the vicinity of T w = 3nm and finally falls. For higher electric 
fields, the maximum mobility is smaller and is shifted to lower Si 
thicknesses. Figure 5.4 reveals the existence of three regions with different 
behavior in the DGSOI phonon limited-mobility: 

i) The first region corresponds to thick silicon slabs. In DGSOI 
inversion layers the two channels are sufficiently separated and no 
interaction appears between them. This situation corresponds to 
two conventional inversion layers in parallel, separated by a large 
potential barrier. The behavior of electrons in each of these 
inversion layers is the same as that observed in a bulk silicon 
inversion layer. As the silicon thickness is reduced, the interaction 
of the two inversion layers causes the electrons to occupy the entire 
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silicon volume. This is the beginning of the second region, which 
strongly depends on the value of the transverse effective field, 
since for high electric fields a potential barrier, which obstructs the 
mutual influence of the two channels, is formed in the middle of 
the silicon slab. 

ii) In the second region, the electron mobility in DGSOI inversion 
layers is up to 20% larger than the mobility in SGSOI inversion 
layers. The limits of this region and the values of the mobility 
depend on the electric field considered. This is the region in which 
volume inversion occurs. In this region of silicon thickness, both 
subband energy levels and wavelunctions vary significantly as a 
consequence of the two channels interacting. It is for this reason 
that the form factor which multiplies the phonon scattering rate 
decreases [40] compared to its value in conventional bulk 
MOSFETs in the same transverse effective field, (see Figure 5.5). 
This happens down to a certain value of silicon thickness. For 
lower thicknesses, although the electrons are distributed throughout 
the entire silicon layer, their confinement is greater (due to the 
geometrical confinement), and therefore, the form factor and the 
phonon scattering rate increase, as shown in Figure 5.5. This marks 
the beginning of the third region. 



Fig. 5.5. Form factor for the ground subband of a DGSOI MOSFET as a function 
of the silicon thickness for two values of the transverse effective field. Dashed 
lines correspond to a conventional bulk MOSFET. 







5 Mobility in Multigate MOSFETs 201 



Fig. 5.6. Relative population in non-primed subbands and primed subbands in a 

Si-(IOO) DGSOI inversion layer for two values of the transverse effective field. 

iii) In the third and last region (r„,<4nm), the mobility for DGSOI falls 
abruptly. In this zone, mobility is limited by the thickness of the 
silicon slab; that is to say, limitations on mobility are imposed by 
the geometrical confinement of the carriers. The limits of this 
region do not depend on the transverse electric field. In fact, 
electron mobility in this region is hardly modified by the transverse 
electric field. As can be appreciated in the mobility curves of 
Figure 5.4, electron mobility increases abruptly in the range 
4nm—>3nm. This is a little surprising since, as stated above, the 
form factor and the phonon scattering rate were expected to 
increase. However, the shatp increase in electron mobility can be 
understood by taking into account the evolution of the phonon 
scattering rate and the relative population of electrons in primed 
and non-primed subbands as shown in Figure 5.6. In Figure 5.5, it 
is shown that from T vl .=4nm to 7' H =3nm, the form factor (and 
therefore the phonon scattering rate) increases by about 20% (as 
predicted in the discussion above). However, Figure 5.6 shows that 
the relative population of the non-primed ladder (where electrons 
have a lower conduction effective mass) also increases by more 
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than 30%, reaching almost 90% of the total. Thus we have two 
diverging trends, and in the case r H ,=4nm—>3nm, the reduction in 
the conduction effective mass dominates the increase in the phonon 
scattering rate. As a consequence, mobility increases. When a 
smaller silicon slab is considered, the increase in the phonon 
scattering rate is greater than the reduction in the conduction 
effective mass, and therefore electron mobility falls abruptly. 


5.2.2 Confinement of acoustic phonons 

Up to now, phonon confinement has been neglected when modeling the 
interaction of electrons with phonons; the bulk phonon model was believed 
to provide a good enough approximation for the calculation of electron 
transport properties. However, this assumption may be questioned when 
the silicon layer in the devices being considered is only a few atomic 
layers thick and evidence of confined phonons has been obtained 
experimentally. [48] If bulk phonons are considered, the electron mobility 
displays a complex behavior as a function of silicon layer thickness, as 
shown in Figure 5.4. To check whether the results obtained with the bulk 
model are still valid when phonon confinement is taken into account, we 
introduced [49-50] a confined phonon model for ultrathin SOI devices, 
following the theoretical work on III-V based devices. [51-52] We used this 
model for the study of DGSOI devices, computing the electron-phonon 
scattering rates and the electron mobility for several device structures in 
order to show the influence of phonon confinement and its dependence on 
the device geometry. The confined phonon model assumes simplified 
boundary conditions (either rigid or free) at the external surfaces of the 
two silicon dioxide layers: we have analyzed the difference between the 
computed mobility for the two cases, and discuss those cases where the 
results are (almost) independent of the boundary conditions imposed. A 
detailed explanation on the derivation of the model for confined acoustic 
phonons can be found elsewhere. [53] We considered the three-layer 
SiCF/Si/SiCF structure shown in Figure 5.1. In each layer, acoustic 
phonons are modeled as elastic waves in an isotropic medium satisfying 
the wave equation: 

| J=sy 2 „ + (sj- s f)v^, l ) (5.1) 

where u is the displacement vector, .V/ and s, the longitudinal and 
transversal sound speeds, respectively. To solve Equation 5.1 we have 
considered two types of boundary conditions: i) in the case of rigid 
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boundary conditions the external surface of the SiCf layers are considered 
rigid and fixed, so the displacement vector, u, must vanish; ii) in the case 
of free boundary conditions, the external surfaces are free to vibrate and 
unconstrained, so the stress tensor components must vanish. [54] Once 
phonon states are calculated, the interaction Hamiltonian can be computed. 
Its matrix elements give us the transition probability between two states, 
according to the Fermi golden rule.[42] The electron scattering rates are 
then obtained summing over phonon absoiption or emission, over phonon 
branches, and over the final electron state. The scattering rates for 
electrons in the first subband are shown in Figure 5.7, normalized by the 
bulk model scattering rate. Both oxide layers were considered to be lnm 
thick. A significant increase in scattering rates compared to the non- 
confmed case is observed. The scattering rates are computed assuming an 
elastic approximation, that is, the electron energy does not change in a 
scattering event with a phonon. Indeed, the phonon energy is typically 
negligible compared to the electron energy (at room temperature) and it 
can be observed that this assumption does not significantly affect the 
scattering rate.[50] 


Rigid Boundary Conditions 



Electron Energy (eV) 


Free Boundary Conditions 



Electron Energy (eV) 


Fig. 5.7. Confined phonon-electron scattering rate, normalized to the bulk 
scattering rate, for the first electron subband, with different T w . Rigid boundary 
conditions are considered in the left-hand plot, while free BC are assumed for the 
right-hand one. 

Figure 5.7 shows that the confined phonon model with both free and 
rigid boundary conditions implies a significant increase in the scattering 
rate for thin layers compared to the bulk model; this effect is highly 
dependent on T w and is greater for a very thin layer. The difference 
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between free and rigid boundary conditions is quite small at large electron 
energies and increases as the energy decreases, the scattering rates being 
higher in the case of free boundary conditions. 

The electron mobility is then shown in Figure 5.8. Mobility is reduced 
when phonon confinement is taken into account for both sets of boundary 
conditions considered. 
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Fig. 5.8. Electron mobility in a DGSOl device as a function of the silicon layer 
thickness, calculated with different boundary conditions. 


Up to now, we have considered a fixed value of the silicon dioxide 
layers. To analyze the effect of oxide thickness, we now fix the silicon 
layer thickness T w = 4 nm and allow the thickness of the silicon dioxide 
layers to change. The scattering rates computed for symmetrical DGSOl 
devices with T w =4 nm and T ox = 1 or 2 nm are shown in Figure 5.9 (left). 
The corresponding electron mobility is shown in Figure 5.9 (right). While 
for T ox = 1 the difference between free boundary conditions and rigid 
boundary conditions is quite large, an oxide layer thickness of 2 nm greatly 
reduces the difference between the two cases. As seen for thick oxide 
layers, it is predictable that the boundary conditions used become almost 
irrelevant because the more extensive the external surfaces, the less 
important the boundary conditions. Flowever, it is quite remarkable that for 
such thin oxide layers, the computed mobility curves are so close to each 
other. 
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Fig. 5.9. Left: Scattering rates for the first electron subband for symmetrical 
double gate devices with T w = 4 nm and different values of T ox . Right: Electron 
mobility for symmetrical double gate devices with T w = 4 nm and different values 
of T ox . 


5.2.3 Interface roughness scattering 

Thus far, we have seen that the volume inversion operation increases 
electron mobility by up to 20%. Nevertheless, phonon scattering is not the 
only scattering mechanism in a silicon inversion layer. In [40] it was 
shown that in a DGSOI structure and in certain conditions, electrons are 
spread throughout the silicon volume. However, it was also shown that in 
order for this to happen, the silicon slab has to be so narrow that electrons 
are very close to the interfaces and must therefore be affected by surface 
scattering mechanisms, namely surface roughness and Coulomb scattering, 
due to the charges trapped at the Si-SiCL interface. The issue now is to 
determine how these scattering mechanisms affect mobility and whether 
volume inversion plays a role in the process by modifying the contribution 
of the surface scattering mechanisms to the total scattering rate. 

Different authors have studied the effect of surface roughness scattering 
on electron transport properties in extremely thin silicon-on-insulator 
inversion layers. [37, 55] The main conclusion of such studies is that if the 
silicon layer is thin enough (less than 15 nm) the presence of a second Si- 
SiCL interface (bottom interface) plays a very important role. In fact, it has 
been shown that the buried interface has a double effect since, on the one 
hand, it modifies the surface roughness scattering rate due to the front-gate 
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interface and on the other, itself provides a non-negligible scattering rate. 
Thus, it is absolutely necessary to take into account the presence of the 
second Si-Si0 2 interface when studying the electron transport properties of 
very thin SOI devices. 

In order to reach these conclusions, we had to modify the normal 
surface-roughness scattering model used for bulk silicon-inversion layers. 
In Refs. [37, 56], we showed that if the silicon layer is very thin, the 
normal surface roughness scattering model used to simulate bulk silicon 
inversion layers fails. In particular, in Ref. [37] it was observed that the 
bulk model overestimates the effect of surface-roughness scattering due to 
the gate interface as a consequence of the minimal thickness of the silicon 
layer. Therefore, it was necessary to modify this model in order to simulate 
correctly the effect of surface-roughness scattering in very thin SOI 
inversion layers. A detailed description of these models can be found 
elsewhere.[37, 56] 

We calculated electron mobility curves for different silicon layer 
thicknesses and different surface roughness heights at room temperature. 
Figure 5.10 shows the electron mobility curves as a function of the 
transverse effective field. Different values of the silicon thickness, T w , 
were considered. In addition, for each T w value, different sets of surface 
roughness parameters were assumed: (solid line): No surface roughness 
scattering, i.e., the two interfaces were assumed ideal, and therefore the 
only scattering mechanism is phonon scattering; (solid squares): 
A 1 =A 2 = 0.25nm; L/=L 2 =1.5nm; (solid circles): A 1 =A 2 =0.5nm; 
Li=L 2 = 1.5nm. 


Note that the value sets chosen for surface roughness scattering 
parameters belong to the interval shown in the work of Goodnick et a/. [57] 
as the usual values for (100) Si-SiCF interfaces. The first fact to note in this 
figure is that the mobility curves fall significantly as a consequence of the 
contribution of surface roughness mobility, mainly at high transverse 
effective fields. In addition, the importance of surface roughness scattering 
increases as the silicon layer thickness decreases. For the thickest samples 
(7' H =20nm and r M ,=10nm), surface roughness scattering only affects 
electron mobility at high transverse effective fields, even for the roughest 
sample. However, for the thinnest samples, the effect of surface-roughness 
scattering is noticeable even at very low transverse effective fields. 
Therefore, as the silicon layer decreases, the importance of the surface- 
roughness effect grows. This is due to the fact that for the thinner samples, 
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the confinement of the electrons near the Si-SiC >2 interfaces is due to the 
thinness of the silicon layer. 

By applying the Mathiessen rule we isolated the contribution of surface- 
roughness to electron mobility: 

1 1 1 

- = _ ;- - - (5.2) 

tSR total phonon 

where jusr is the mobility due to surface roughness scattering alone, 
Hphonon is the mobility due to phonon scattering alone, and ii mm i is the 
mobility due to both surface-roughness and phonon scattering. 



Fig. 5.10. Electron mobility curves versus the transverse effective field for 
different values of silicon thickness, T w . For each T w value, different sets of 
surface roughness parameters were assumed: (solid line): No surface roughness 
scattering, i.e., the two interfaces were assumed ideal, and therefore the only 
scattering mechanism is phonon scattering; (open squares): A I =A 2 =0.25nm, 
Zy=Z,2=1.5nm; (open circles): A /= d2=0.25nm; Li=L 2 =\.5nvs\. 

Figure 5.11 shows that at low transverse effective fields, the surface- 
roughness mobility decreases as the silicon layer decreases. Flowever, at 
high inversion charge concentrations, a different behavior is observed. As 
the silicon layer is reduced, jUsr increases until a maximum value in the 
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range 10nm-5nm (depending on the E eff value) is reached. This is the 
region where the interaction between the two channels causes the electrons 
to spread along the silicon layer, thus reducing the surface roughness 
scattering rate. For lower T w values, the surface roughness mobility 
decreases abruptly, due to the high geometrical confinement of the 
electrons. 



Silicon Thickness (nm) 


Fig. 5.11. Surface roughness limited mobility versus the silicon layer thickness for 
different values of the transverse effective field. Solid line: DGSOI; dashed line: 
SGSOI. (i):E EFE = 10 5 V/cm; (ii):£ ST =5xl0 5 V/cm; (iii):£ H ^10 6 V/cm. 


Finally, we compared the surface roughness mobility in DGSOI and 
Single Gate SOI (SGSOI) devices. Figure 5.11 also compares Psr for the 
two devices as a function of the silicon layer thickness for different values 
of the transverse effective field. In this figure, the following three regions 
can be observed: 


i) There is a region for large T w values where no interaction 
between the two channels is produced and the mobility curves 
for DGSOI and SGSOI coincide. These mobility values are very 
similar to the values obtained for bulk silicon inversion layers. 

ii) In the second region (intermediate values of T w ), the electron 
mobility of DGSOI inversion layers is greater than that of 
SGSOI inversion layers. This region, between 3nm<7' u .< 15nm, 
is where volume inversion occurs. In this region, surface- 
roughness scattering is reduced as a consequence of the spread 
of electrons throughout the silicon volume (volume inversion). 
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iii) Finally, for 7i,,<3nm, the electron mobility curves of the two 
structures coincide again. In this region, controlled by geometric 
effects, mobility decreases abruptly. 

5.2.4 Coulomb scattering 

Although the channels of FinFETs and Double-Gate devices are usually 
undoped, the charges trapped at Si-SiCE interfaces can still play an 
important role, making it necessary to take their effects into account.[58] 
In the Coulomb scattering models for bulk silicon inversion layers, it has 
been shown that Coulomb scattering is highly dependent on factors such 
as: a) the distribution of electrons in the inversion layers, b) the 
geometrical distribution of external charged centers, c) the screening of 
charged centers by mobile carriers, d) the charged-center correlation, and 
e) image charges.[39,41,59] On the other hand, we know from the self- 
consistent solution of Poisson and Schrodinger equations in ultrathin SOI 
devices. [46,58], that the mutual influence of the two Si-Si02 interfaces 
means that the electron distribution in ultrathin DGSOI and FinFET 
devices differs greatly from that found in bulk inversion layers. This 
would, a priori, lead to a different screening effect, a different relative 
position between carriers and charged centers and, as a consequence, a 
very different Coulomb scattering effect on the electron mobility. We 
improved on a previous Coulomb scattering model to make it applicable to 
SOI inversion layers. The model developed is valid for single-gate silicon- 
on-insulator devices (SGSOI) and also for double-gate silicon-on-insulator 
(DGSOI) devices and FinFETs.[58] 

Figure 5.12 shows the mobility curves for different silicon slab 
thicknesses versus the transverse effective field. The same interface charge 
concentration, N it , has been assumed at both interfaces. (Ni t =5xl0 10 cm' 2 ). 
When Coulomb scattering is considered, this, rather than phonon 
scattering, is the main scattering mechanism at low inversion charge 
concentrations (low transverse effective field). Here again it is necessary 
to note the effect of surface scattering mechanisms on DGSOI mobility. 
Even for such a low interface trap concentration, Coulomb scattering 
significantly reduces electron mobility (mainly at low transverse effective 
fields) as a consequence of a weak screening of charged centers. As the 
effective field increases, the Coulomb scattering rate is reduced by the 
effect of the screening of scattering charge centers by the electrons 
themselves. As seen, Coulomb scattering has to be taken into account if we 
want to obtain the accurate electron mobility in these devices. 
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We have used Matthiessen’s rule to isolate the effect of Coulomb 
scattering, and thus to observe the effect of the silicon slab thickness. 



Fig. 5.12. Electron mobility curves in a DGSOI versus the transverse effective 
field for different thicknesses of the silicon slab. Phonon, surface roughness and 
Coulomb scattering were all taken into account. 


Figure 5.13 shows the Coulomb limited mobility for two values of T w 
and two different interface charge concentrations. From this figure, the 
following facts can be observed: 

i) As the electric field increases, the Coulomb-limited mobility 
increases due to the screening of the charged centers by the 
carriers in the channel. 

ii) For larger N it values, the Coulomb-limited mobility is lower as a 
consequence of a stronger Coulomb interaction. 

iii) The Coulomb-limited mobility increases more quickly for 
smaller T w . This means that screening is more effective for 
thinner silicon slabs. Flere again, volume inversion plays an 
important role. 
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Fig. 5.13. Coulomb limited mobility obtained by applying Matthiessen’s rule to 
the mobility curves of Figure 5.12. 



Fig. 5.14. Evolution of electron mobility for a DGSOl (solid line) and a SGSOl 
(dashed line) with the thickness of the silicon layer. All the scattering mechanisms 
were taken into account. 
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We also compared the electron mobility in DGSOI and in SGSOI 
inversion layers, considering the contribution of Coulomb scattering. 
Figure 5.14 shows the total electron mobility as a function of the silicon 
layer thickness for both DGSOI (solid line) and SGSOI (dashed line) 
inversion layers. In this figure, the electric field was assumed to be 
E thh -5x 10 4 V/cm (small enough for Coulomb scattering not to be screened 
by the other scattering mechanisms). 

As can be seen, the shapes of the curves are similar to those observed in 
Figure 5.4, when only phonon scattering was taking into account. 
Therefore we can still refer to the three regions described above. 
Nevertheless, in this case the differences between the electron mobility for 
the two types of structure are greater in the volume inversion region 
(region ii). This is due to a more efficient screening of the trapped centers 
by the carriers in the DGSOI structure, a result in agreement with our third 
comment regarding Figure 5.13. 


5.2.5 Temperature dependence of mobility 

Thus far, we have studied electron mobility at room temperature. We 
show the existence of a range of thicknesses of a silicon layer (between 5 
nm and 20 nm) in which electron mobility increqases by 25% or more, due 
to volume inversion. Therefore, volume inversion plays an important role 
in electron mobility in these DGSOI devices when the silicon thickness is 
reduced to below 20 nm. The distribution of electrons in the silicon layer 
plays a very important role in the determination of transport properties. It 
is well known that the distribution of electrons in inversion layers varies 
greatly with changes in temperature.[60] We speculated as to whether this 
mobility behavior at room temperature is modified as the temperature 
decreases. For example, a priori, it is well known that as temperature 
decreases, quantum-size effects become more important, even for bulk 
silicon inversion layers, where at low temperatures the population of 
electrons in non-primed subbands is very high. 

As shown by Ando et al. [60], the fraction of electrons in the non- 
primed subbands in a bulk silicon inversion layer is 1 at very low 
temperatures. This means, for example, that the influence of subband- 
modulation effects becomes increasingly weaker as the temperature is 
reduced. To shed some light on the matter in question, we carried out an 
in-depth study of the temperature behavior of electron mobility in DGSOI 
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devices.[61] Figure 5.15 shows electron mobility curves versus the 
inversion charge sheet for different values of silicon thickness. Different 
temperatures were considered, namely T= 25 K, 77 K, 130 K and 300 K. 
It can be observed that at all the temperatures considered, the electron 
mobility shows more than one trend as the silicon thickness decreases. In 
addition, these trends are highly dependent on the inversion electron 
density. 



Inversion Charge, N. nv (cm' 2 ) 

Fig. 5.15. Electron mobility curves in a DGSOI inversion layer as a function of 
N inv for different temperatures. 

To make it clearer, Figure 5.16 (left) shows the evolution of mobility 
with silicon layer thickness for the temperatures considered in Figure 5.15. 
Note that all the curves take the shape described in Section 5.2.1 for the 
behavior of the mobility in DGSOI devices at room temperature, i.e., there 
are three different regions: (i) an initial region for thick silicon layers (T w > 
20-30 nm), where mobility decreases as T w increases and approaches the 
bulk value, (ii) As T w decreases, we show that volume inversion modifies 
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the electron transport properties by reducing the effect of all scattering 
mechanisms. Accordingly, the electron mobility in DGSOI inversion 
layers increases by an important factor that depends on the silicon 
thickness, the transverse effective field and the temperature, (iii) Finally, 
for very small thicknesses, the limitations to electron transport are due to 
geometrical effects and therefore the mobility curves fall abruptly at all 
temperatures. 

To obtain a clearer idea of the effect of volume inversion, we have 
normalized each mobility curve shown in Figure 5.16 (left) by the 
corresponding value of the mobility in a bulk silicon inversion layer at the 
same temperature. The results of this are shown in Figure 5.16 (right). As 
can be observed, the improvement in mobility in a DGSOI inversion layer, 
Hdgsoi, compared to the mobility in a bulk silicon inversion layer, fi hu i k , 
becomes greater as the temperature is reduced: the maximum 
improvement, Hdgsoi/ Hbuik, is 1.35 at room temperature for T w = 10 nm, this 
quotient reaching 2.33 for T = 25 K for the same silicon thickness. 



Fig. 5.16. Evolution of the electron mobility in a DGSOI inversion layer with the 
silicon thickness for different temperatures. 


5.2.6 Symmetrical and asymmetrical operation of DGSOI FETs 

Until now, we have considered the symmetrical operation of DGSOI 
transistors, i.e., both gates identical and with the same bias applied to each 
of them. There are two main types of DG MOSFET: 1) a symmetrical type 
with both gates having identical work functions so that the two surface 
channels turn on at the same gate voltage and 2) an asymmetrical type with 
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different work functions for the gates and only one channel turning on at 
the threshold voltage.[62-66] The threshold voltage of the symmetrical 
device is determined by the work function of the gate material and depends 
to only a negligible extent on the silicon thickness, the silicon doping 
concentration or the oxide thickness.[63] Figure 5.17 shows the threshold 
voltage of a symmetrical DGSOI structure using p + -poly gates (dotted line) 
and n + -poly gates (dashed line) as a function of the silicon thickness, T w . 
Both oxide thicknesses were considered to be t ox = lnm, the silicon doping 
was taken to be iV^=10 15 cm" 3 and the doping of the poly gate 

N D , po iy=N Apo iy= 1 x 10 20 cm' 3 . 



Fig. 5.17. Threshold voltage versus silicon thickness for different DGSOI 
structures. 

To calculate these curves, we self-consistently solved the Poisson and 
Schrodinger equations in the DGSOI structure. The threshold voltage V, h 
was taken as the gate voltage required to induce an inversion charge 
concentration of AI,„ v =10 I1 cm' 2 in the silicon layer. The threshold voltage 
values obtained with the symmetrical structure are, depending on the type 
of doping of the poly gate, too high (~1V for p + -poly gates) or too low (— 
0.1V for n + -poly gates) and, in any case, inadequate for state-of-the-art 
technology. 

Therefore, it is necessary to look for new gate materials if we want these 
symmetrical DGSOI devices to have a threshold voltage suitable for use in 
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low-power and high-speed applications. However, Suzuki et al. [63] 
proved that it is still possible to control the threshold voltage of a DGSOI 
device if an asymmetrical n + -p + structure is used. Figure 5.17 (solid line) 
shows the voltage threshold for an asymmetrical n + -p + DGSOI device as a 
function of the silicon thickness. As observed, the interaction between the 
two gates allows control of the threshold voltage in this structure to attain 
suitable values for state-of-the-art applications. From this viewpoint, it 
seems, therefore, that an asymmetrical configuration could prove superior 
to a symmetrical one. 

In previous sections, we studied the electron mobility in a symmetrical 
double-gate silicon-on-insulator (DGSOI) device as a function of the 
transverse effective field and silicon layer thickness. The contributions of 
the main scattering mechanisms (phonon scattering, surface roughness 
scattering due to both Si-Si0 2 interfaces and Coulomb interaction with the 
interface traps of both interfaces) were taken into account and carefully 
analyzed. We demonstrated the existence of a range of thicknesses of the 
silicon layer (between 5nm and 20nm) in which the electron mobility in 
symmetrical DGSOI inversion layers is improved by 25% or more owing 
to volume inversion. Therefore, volume inversion and the symmetry of the 
device play an important role in the electron mobility in these symmetrical 
DGSOI devices when the silicon thickness is reduced below 20nm. Of 
course, symmetry is lost in asymmetrical DGSOI devices, raising the 
question of whether this also implies the loss of the volume inversion 
effect and, as a consequence, the loss of their advantages in terms of 
mobility. As mentioned above, it seems, from electrostatic studies, that 
asymmetrical DGSOI devices show a better behavior than their 
symmetrical DGSOI counterparts. However, the following question then 
needs to be answered: How does electron mobility in asymmetrical 
DGSOI devices behave compared to that in symmetrical DGSOI devices? 

We undertook an in-depth study of electron mobility behavior in 
asymmetrical DGSOI devices and compared it with the mobility in their 
symmetrical counterparts.[67] 

From the comparison of electrostatic behavior in the two kinds of 
devices (symmetrical and asymmetrical), we drew the following 
conclusions for devices with r M P>5nm: 

i) As the silicon thickness is reduced, the conduction effective 
mass of electrons in the asymmetrical case is lower than that in 
the symmetrical case (Figure 5.18 (left)). This would contribute 
to an increase in electron mobility in the asymmetrical devices. 
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ii) The greater confinement of electrons in the asymmetrical case, 
produced by the deeper potential well in the n + -gate side, 
produces an increase in the phonon scattering rate (Figure 5.18 
(right)). This would contribute to a decrease in mobility in the 
asymmetrical case. 



Fig. 5.18. Left: Average conduction effective mass for electrons in an 
asymmetrical n -p + (resp. symmetrical n + -n + ) DGSOI inversion layer as a function 
of the silicon thickness for different values of the inversion charge concentration 
Right: Form factor for the ground subband in an asymmetrical n -p (resp. 
symmetrical n -n ) DGSOI inversion layer. 

Taking these two facts into account, a priori, it is not possible to predict 
the behavior of the mobility until a solution of the Boltzmann transport 
equation is provided. Figure 5.19 shows the evolution of the electron 
mobility versus the silicon thickness for two values of the inversion charge 
concentration (symmetrical-gate devices in solid line and asymmetrical- 
gate devices in dashed line). 

Phonon and surface roughness scattering are simultaneously taken into 
account. We see that the lack of symmetry, together with volume 
inversion, and the greater effect of surface roughness scattering, means 
that the electron mobility in asymmetrical DGSOI devices is considerably 
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below the mobility curves corresponding to symmetrical devices in the 
whole range of silicon thicknesses. The difference is greatest in the 5- 
25nm range, where electron mobility in symmetrical DGSOI inversion 
layers is greatly improved by the volume inversion effect. 



Fig. 5.19. Evolution of electron mobility for a symmetrical n -n DGSOI (solid 
line) and an asymmetrical n -p DGSOI (dashed line) with the thickness of the 
silicon layer. 


5.2.7 Crystallographic orientation 

Up to now, we have considered the surface orientation of the device to 
be the usual 100 orientation. However, with the adoption of vertical device 
structures such as the FinFET, different surface orientations can easily be 
achieved without using non-standard wafer substrates.[68] In a standard 
(100) wafer, where the gate and active fin area are aligned either 
perpendicularly or parallel to the wafer flat, the device channel lies in the 
(110) plane. However, if the transistor layout is rotated 45° in the plane of 
the wafer, then the resulting orientation of the device channel is (100). An 
intermediate rotation yields electron mobilities between those observed in 
the (100) and (110) orientations, imitating the mobility behavior of a (111) 
surface.[68] When non-(100) surface orientations are used, the electron 
and hole mobilities are modified due to asymmetry of the carrier effective 
masses in the silicon crystal lattice.[69-70] Table 5.1 summarizes the 
values of the masses for the common surface orientations, i.e. (100) (110) 
and (111). m 3 is the effective mass perpendicular to the surface and 
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therefore the quantization mass, while m / and m 2 are the principal masses 
of the constant energy ellipse in the surface. The degeneracy of each set of 
ellipses is n v , [70] 


Table 5.1. Effective mass in silicon for different surface orientations. 


Surface 

orientation 

mi 

m 2 

m 3 

n v 

(100) 

m t 

m t 

mi 

2 

m t 

mi 

m t 

4 

(110) 

m t 

(m t + mi)/2 

2m t mi/(m t + mi) 

4 

m t 

mi 

m t 

2 

(111) 

m t 

(m t + 21^)73 

3m t mi/(m t +2mi) 

6 


Figure 5.20 shows the constant-energy ellipses associated with motion 
parallel to the interface for the three common surface orientations (100) 
(110) and (111).[70] 

It is well known that in the case of Si-100, two of the six bulk constant 
energy ellipsoids will give m 2 =m l (non-primed subbands) while the other 
four will give m^m, (primed subbands).[60,70] As m t <mi, non-primed 
subbands will have a lower energy and lower conduction mass than primed 
subbands. Similarly, in the case of the (110) orientation, two sets of 
subbands are also obtained: two bulk energy ellipsoids have an effective 
mass perpendicular to the interface m 3 =m t , while the other four have 
higher quantization masses. Therefore, these four ellipsoids will provide 
the lower energy subbands. Finally, in the case of the (111) orientation, the 
six ellipsoids have the same quantization mass, and therefore only one set 
of subbands is possible. 

Due to the different quantization-masses for different crystallographic 
orientations, electron distribution, subband energy levels, wavefunctions, 
form factors and scattering rates depend on the surface orientation. [71] In 
addition, as observed in Figure 5.20, the effective masses of the constant- 
energy ellipses associated with motion in the parallel direction can, like in 
bulk silicon, be somewhat anisotropic. As a consequence, one can expect 
to see anisotropic conduction, i.e. once the quantization direction is fixed, 
conduction, and therefore, mobility, depend on the direction of the drift 
electric field, i.e., the direction of the channel. 
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Fig. 5.20. Two-dimensional schematic constant-energy ellipses for (001) (110) 
and (111) Si conduction band. [70] Lower energy subbands are shown in black. 


For all our calculations, we assumed a FinFET with an undoped silicon 
channel, a gate oxide thickness equal to lnm and different silicon 
thicknesses and surface orientations. Figure 5.21 shows the electron 
distribution for the three common orientations in a FinFET with a silicon 
thickness of T w =5nm and an inversion charge concentration of 
N im ,= 2.5xl0 12 cm 2 . As observed in Figure 5.21, the electron distributions 
for (111) and (110) orientations are quite similar. However, it is 
completely different from the electron distribution for (100). This fact can 
be explained by looking at Table 5.1. The quantization masses, m 3 , for 
(110) and (111) orientations are comparable, but very different to that for 
m 3 , ( ioo)- The higher quantization mass in Si(100) produces lower energy 
subbands in the two valleys with a longitudinal mass perpendicular to the 
interface. For thin silicon layers or high inversion charge concentrations 
(i.e. when quantum effects are more important), these two subbands are 
more populated than the others and the electrons become closer to the Si- 
Si0 2 interfaces. 
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Fig. 5.21. Electron distribution in a FinFET for different surface orientations and 
different silicon thicknesses. 

Once we had evaluated the electron distribution in the different 
structures as a function of surface orientation and silicon thickness, we 
calculated electron mobility by using the one-electron Monte Carlo 
simulator. Phonon scattering and surface-roughness scattering were taken 
into account. As the silicon layers remained undoped, we did not consider 
Coulomb scattering in the simulation. The following parameters were 
considered in modeling the surface roughness of the Si-Si0 2 interfaces [37, 
56]: T s ,.=1.5nm, zf r =0.4nm. Figure 5.22 shows the electron mobility curve 
for different surface orientations and channel orientations for two values of 
the fin thickness (4nm and 9nm). 

Observation of Figure 5.22 is very illuminating and reveals the 
following facts: 

i) The first result we see is the strong dependence of electron mobility 
on surface orientation.[31-32] Fligher mobility values are obtained 
for the (100) orientation [68], corresponding to lower conduction 
effective mass, as shown in Table 5.1. The other two orientations 
have larger conduction effective masses and therefore lower 
mobility values. As observed experimentally [68], electron mobility 
can be degraded by a factor of two for the (110)/< 1-10> orientation. 
Flowever, this degradation is much less if a different channel 
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direction (110)/<001> is selected for the same surface orientation 

(HO). 

ii) As just shown above, one remarkable result is the strong anisotropy 
of the mobility in the (110) surface orientation for different channel 
directions. The mobility value for a <001>-channel orientation is 
50% larger than that for a <l-10>-channel direction. Taking into 
account Figure 5.20 and Table 5.1 for the (110) case, the subbands 
with lower energy values (higher m 3 ) correspond to the four ellipses 
with major axes in the <1-10> direction. Therefore, these subbands 
become more populated and dominate the transport. If we apply a 
drift electric field in the <001> direction, these subbands have an 
effective mass in the drift direction equal to mdrifi=mi=0.19m 0 . On 
the other hand, if we apply a drift electric field in the <1-10> 
direction, the conduction effective mass is m dnft =m 2 =0.553m 0 , 
almost three times higher than in the <001> direction. This produces 
the big difference in mobility shown in Figure 5.22 for these two 
channel directions. In addition, the anisotropy becomes stronger as 
the silicon thickness decreases. 

iii) However, this anisotropy of electron mobility was not observed 
when we considered other surface orientations. In the case of the 
(100) surface orientation, the subbands with lower energy 
corresponded to the two bulk ellipsoids with m 3 =m h which became 
the two circles shown in Figure 5.20. These two subbands showed 
the same drift mass regardless of the drift electric field orientation. 
On the other hand, the other four subbands (corresponding to m 3 =m) 
present a different effective mass in the x and y directions. Only 
when the contribution of these four high-energy subbands to 
conduction becomes significant, do we observe a dependence of 
mobility on channel orientation. For example, a slightly anisotropic 
behavior can be seen in Figure 5.22 for T w = 9nm: a slight dependence 
of the mobility curves for <001>- and <011>- channel directions at 
low inversion charge concentrations is observed for the (100) 
surface orientation. This effect does not appear in Figure 5.22, where 
the silicon thickness is r M ,=4nm. 

iv) No anisotropy is observed in the (111) surface orientation. In this 
case, the anisotropy shown in Figure 5.20 does not lead to an 
anisotropic conductivity because the ellipses are symmetrically 
placed. 





Inversion Charge (cm' 2 ) Inversion Charge (cm' 2 ) 

Fig. 5.22. Electron mobility as a function of the inversion charge in a FinFET 
for different surface orientations (hkl) and different channel orientations 
<hkl> for two values of the silicon thickness r M ,=9nm (left) and r M ,=4nm (right). 



Silicon Thickness (nm) 


Fig. 5.23. Evolution of the electron mobility in a FinFET with the fin thickness for 
different combinations of surface orientation (hkl) and channel direction <hkl>. 
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We have also studied the evolution of electron mobility with silicon 
thickness for the different surface and channel orientations considered. The 
results are shown in Figure 5.23. As in the case of DGSOI (100) devices 
[40], electron mobility increases as the silicon thickness decreases until a 
maximum is reached, then falls abruptly for smaller silicon 
thicknesses. [40] As can be seen, for all surface orientations and channel 
directions there is a range of fin thicknesses where electron mobility is 
higher than in bulk MOSFETs. Flowever, the silicon thickness interval 
where electron mobility is improved depends on the particular 
surface/channel combination. 

5.2.8 High-k dielectrics 

As a way to continue the progressive scaling down of MOSFET 
dimensions, the use of dielectrics with high permittivity (high-k 
dielectrics) instead of silicon dioxide has been proposed. [72] Flowever, in 
spite of the reduction in the gate leakage tunnel current, high-k materials 
also negatively affect the electron mobility in MOSFET channels. In fact, 
higher dielectric constant is associated with higher electronic mobility 
degradation due to polar phonons in the dielectric (remote polar phonon 
scattering). [73-74] 




Fig. 5.24. Left: Electron distribution in a FINFET with different high-k 
dielectrics. In all cases, silicon thickness was fixed at T w =12nm. Right: Potential 
well for the FINFETs. 

Figure 5.24 shows the potential well and the electron distribution in a 
FINFET with a silicon thickness of 12nm with different high-k dielectrics 
as gate insulator. In all cases, the inversion charge concentration was 
assumed to be A,„ v = 10 13 cm' 2 . In all cases, the in s ulator thickness was 
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calculated to provide an equivalent oxide thickness (EOT) equal to lnm. 
As observed, in Figure 5.24 (left), the use of high-k dielectrics hardly 
modifies the electron distribution. Only in the Zr0 2 and ZrSi0 4 cases could 
a greater penetration of the wavefunctions in the insulator layer be 
observed, because of the lower barrier seen by the electrons from the 
channel. 

We used a Monte Carlo simulator to study the effect of high-k insulators 
on the electron mobility in DGSOI devices. Our simulation results are 
disappointing from the point of view of electron mobility, as shown by the 
comparison of Figures 5.25 (left) and 5.25 (right). In both cases only 
phonon and surface roughness were considered. As can be seen, the effect 
of remote polar scattering strongly degrades the electron mobility when 
insulators with high permittivity are used. The comparison of Figure 
5.25(left) and 5.25 (right) reveals that the important degradation of 
electron mobility shown in Figure 5.25 (right) is produced by remote polar 
phonon scattering. 

In summary, volume inversion does not help to improve the mobility 
degradation produced by remote polar phonon scattering when high-k 
dielectrics are used. 



Fig. 5.25. Left: Electron mobility in a symmetrical DGSOI device with different 
insulator, taking into account the effect of remote phonon scattering. Right: 
Electron mobility in a symmetrical DGSOI device with different insulator, not 
taking into account the effect of remote phonon scattering. 
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5.2.9 Strained DGSOI devices 

In recent years, much research activity has been focused on the 
enhancement of carrier mobility in the channel. In this sense, a significant 
step was taken with the introduction of strained silicon to build the 
MOSFET channel. Both theoretical and experimental studies have shown 
spectacular electron mobility enhancements when silicon is grown 
pseudomorphically on relaxed Sii_ x Ge x .[7,75-76] The strain causes the six¬ 
fold degenerate valleys of the silicon conduction band minimum to split 
into two groups: two lowered valleys with the longitudinal effective mass 
axis perpendicular to the interface and four raised valleys with the 
longitudinal mass axis parallel to the interface (Figure 5.26).[77-78] 


Si Si^Ge, 



— = 1 —— = 1 + 0.042x 

a Si U Si, ,Ge, 


Strained Si 



Biaxial 
tensile strain 



A 4 (primed valleys) 
AE S 

A 2 (unprimed valleys) 
AE s ~670x Ge meV 



Fig. 5.26. Schematic representation of biaxial tensile strain produced when a 
silicon layer is pseudomorphically grown on a (100) SiGe layer. 

This leads to a redistribution of the carriers between the different 
valleys. In the lowered valleys, which are more densely populated in the 
strained case, electrons show a smaller conduction effective mass 
(transverse mass) in transport parallel to the interface. In addition, the 
splitting between the valleys is enough to suppress the intervalley 
transitions of electrons from lower valleys to upper valleys, thus reducing 
the inter-valley phonon scattering rate compared with that of unstrained 
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silicon. The combination of a lower effective mass and reduced intervalley 
scattering gives rise to higher electron mobility. Moreover, the lower 
intervalley-scattering rates make energy-relaxation times higher, causing 
spectacular electron velocity overshoot, as shown elsewhere. [79] In spite 
of these important advantages, bulk strained Si/Sii_ x Ge x CMOS technology 
still suffers from some of the limitations of standard silicon CMOS 
technology for sub-0, lpm applications. 

In contrast to strained-Si/SiGe technology, SOI technology is fully 
compatible with existing standard silicon fabrication facilities and, a 
priori, CMOS circuit designs could be translated to ultrathin SOI 
technology without much difficulty.[2-3,80] 

Recently these two options have been merged and ultra-thin body SOI 
devices with strained Silicon have been proposed. [76] In particular, the 
possibility of obtaining strained-Silicon on insulator without the need for a 
SiGe layer has been demonstrated, thus avoiding the drawbacks caused by 
the presence of this alloy and allowing thinner semiconductor layers to 
suppress short-channel effects.[81-83] 

Self-consistent calculations have been performed for strained DGSOI 
for different values of the silicon thickness and different grades of strain. 
Following the experimental work of the IBM group [81] and our previous 
results with single gate strained-Si/SiGe-on-Insulator structures [82-83], in 
this work we only considered ultrathin strained Si directly on insulator 
DGSOI MOSFETs. In these devices, the strained-Si layer is directly 
sandwiched between two oxide layers and no SiGe layer is needed. The 
structure is fabricated by the layer transfer technique [81 and references 
therein]: a thin layer of strained Si is epitaxially grown on a buffer layer of 
relaxed Sii_ x Ge x . The amount of strain in the Si layer will depend on the Ge 
mole fraction of the buffer layer. Once the strain layer is formed on the 
SiGe buffer, it is separated from the SiGe layer and bonded to the handle 
substrate. In the following, we will use this parameter, Ge mole fraction of 
the buffer layer, to indicate the amount of strain in the Si layer. In all 
cases, we assumed two lnm-thick silicon-dioxide layers and midgap metal 
gates. 

Figure 5.27 shows the electron density and the potential well in a 
strained 100-DGSOI MOSFET. 
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Fig. 5.27. Left: Electron density in a strained DGSOI MOSFET (solid line) and an 
unstrained DGSOI MOSFET (dashed line) for the same value of the inversion 
charge concentration. Right: Potential well in a strained DGSOI MOSFET. 
Silicon thickness was assumed to be 10 nm. Solid line shows the conduction band 
edge for the two valleys with longitudinal effective mass perpendicular to the 
interface (A 2 ) while dashed line represents the conduction band edge for the four 
valleys with transverse effective mass perpendicular to the interface. 


Figure 5.28 shows the electron distribution in a strained DGSOI 
MOSFET for a silicon thickness of 7^=3 nm and a strain corresponding to 
x Ge =0.4. For the sake of comparison, the electron distribution for the 
unstrained case is also shown. 


A first result observed in Figure 5.27 (left) and 5.28 is that strain tends 
to reduce the volume inversion effect since the electron concentration in 
the center of the channel decreases as the strain increases.[84] Figure 5.29 
shows the evolution of the energy level of the ground subband of each 
subband ladder (unprimed, A 2 , subbands and primed A 4 subbands. It can be 
observed that the strain produces a greater separation between unprimed 
and primed levels. The effect caused by the strain is similar to that 
produced in unstrained DGSOI devices as the silicon thickness 
decreases.[40] The greater separation between unprimed and primed 
valleys produces a redistribution of the carriers among the different 
subbands and as a consequence, the unprimed valley tend to be much more 
populated, as shown in Figure 5.30. 
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Fig. 5.28. Electron density in a strained DGSOI MOSFET (solid line) and an 
unstrained DGSOI MOSFET (dashed line) for the same value of the inversion 
charge concentration. Silicon thickness was assumed to be 3nm. 



Electron Density (cm' 2 ) 

Fig. 5.29. Difference between the energy level of ground subband for unprimed 
and primed valleys and the Fermi level as a function of the electron density. Two 
values of the strained-Si thickness have been considered: T w =2 nm (left) and 
T w = 10 nm (right). Different Ge mole fractions (between parentheses) have been 
considered. 





230 Francisco Gamiz and Andres Godoy 


This effect is greater for the thinner silicon layers, which feature a larger 
population of the unprimed subbands even in the absence of strain. This 
redistribution of carriers among the different subbands has an important 
effect on the electron transport properties because the conduction effective 
mass of the electrons in unprimed subbands is much lower than the 
conduction effective mass in primed subbands and, as a consequence, the 
average conduction effective mass decreases as the strain increases. 

Figure 5.31 shows the average conduction effective mass as a function 
of the strain (Ge mole fraction). The reduction of the conduction effective 
mass implies a decrease in the inertia of the carriers and therefore an 
increase in electron mobility. However, note that this effect saturates for 
Ge mole fractions greater than 0.2-0.3, which means that for larger 
increases of the strain, the average conduction effective mass (which has 
reached its minimum value, m„ i.e., most of the electrons populate the 
unprimed valleys) cannot decrease any further. In addition to the reduction 
of the average conduction effective mass, the greater separation between 
unprimed and primed subbands also produces a decrease in the intervalley 
scattering rate between non-equivalent valleys. Both facts, reduction of the 
conduction effective mass and reduction of the intervalley scattering rate 
imply an increase in electron mobility. 




Electron Density (x10 13 cm' 2 ) 

Fig. 5.30. Sub-band occupancy (percentage of total inversion density) for the non- 
primed and primed subbands for different Si strain. Left: T w =2 nm; right: T w = 10 
nm. Solid lines: non-primed subbands; dashed lines: primed subbands. 





5 Mobility in Multigate MOSFETs 231 



Ge mole fraction 

Fig. 5.31. Evolution of the conduction effective mass with the strain in a strained 
DGSOl transistor for two values of the silicon thickness and three values of the 
electron density. 

Figure 5.32 shows the electron mobility in strained DGSOl transistors 
for different values of silicon thickness and different values of strain. 

From observation of Figure 5.32, the following facts can be deduced: 

i) For the thicker sample, electron mobility increases as the strain 
increases, although the increase tends to saturate for the higher 
amount of strain. The saturation of the average conduction 
effective mass shown in Figure 5.31 is the factor responsible for 
this behavior. This effect is more evident in the thinner sample 
(r„,=3nm) where mobility curves forx=0.2 andx=0.4 coincide. 

ii) If we compare the mobility curves for T H ,=10nm and 7i,=3nm, 
we observe that in the unstrained case (dashed line), the 
mobility in the thinner sample is higher than that in the thicker 
silicon layer. Flowever, in the strained devices, the trend is the 
opposite, i. e ., the electron mobility is higher in the thicker 
sample than in the thinner one. 
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Fig. 5.32. Electron mobility in a strained-Si DGSOI MOSFET for two values of 
the silicon thickness (T w =3nm and T w =10nm) and different strain degrades. Only 
phonon scattering was considered. 


5.2.10 Summary 

We have studied the behavior of electron mobility in DGSOI transistors 
and FinFETs, and have compared it to the mobility in single gate SOI and 
bulk transistors. The role played by volume inversion and the different 
scattering mechanisms has been analyzed. We can conclude that: 

i) Volume inversion plays an important role on the electron 
mobility. As a consequence, there is a range of silicon 
thicknesses where electron mobility in ultrathin DGSOI 
transistors is higher than mobility in conventional bulk 
MOSFETs. 

ii) Surface or interface related scattering mechanism also become 
of great importance in ultrathin multigate transistors, and as a 
consequence their effects have to be taken into account. 









5 Mobility in Multigate MOSFETs 233 


5.3 Silicon multiple-gate nanowires 

5.3.1 Introduction 

The need to scale the active channel region below 30nm requires a 
silicon body width and thickness of the same dimensions or even lower in 
order to maintain an acceptable gate electrostatic control of the channel 
potential. Moreover, it is projected that the size of the transistors will reach 
lOnm by 2011. [1] For these reduced dimensions, carriers are confined in 
the directions perpendicular to the transport, such devices being called 
nanowires. 

The potential application of semiconductor nanowire (NW) field-effect 
transistors (FETs) as potential building blocks for highly downscaled 
electronic devices with superior performance are attracting considerable 
attention.[85, 86] Flowever, the term “nanowire” is employed in the 
bibliography to refer to a different kind of device. With regard to their 
manufacturing process, it is possible to establish two different approaches, 
bottom-up and top-down. 

The bottom-up approach refers to the methodology that employs 
chemistry to promote the self-assembly of complex mesoscopic 
architectures. One of the most important discoveries in recent years has 
been the growth of single-crystal nanostructured materials at low 
temperatures using different nanometer-sized metallic nanoparticles (e.g. 
Ni, Au, Fe) as catalysts. [87] A wide variety of semiconductor materials 
such as Si, Ge, GaAs, GaN and InP [88-95] can be synthesized employing 
this technique. Different applications, such as laser action, 
photoluminescence, sensing, pn-junction, and field-effect transistors have 
already been demonstrated. Currently, the FETs fabricated from Vapor- 
Liquid-Solid (VLS) grown nanowires may offer better size uniformity than 
etching for very small diameters (< 5 nm) due to controlled chemical 
synthesis. Flowever, their performance is not well understood, either 
experimentally or theoretically.[85] 

The top-down group refers to those devices with dimensions in the 
nanometer range, fabricated using the standard techniques employed for 
CMOS processing, namely photolithography, thin-film deposition, etching, 
and metallization to obtain multigate SOI FETs with very small 
dimensions. The best nanowires demonstrated to date have been fabricated 
by etching a thin SOI wafer. [96, 97] A study of the electron mobility in 
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this second group of devices (multigate nanowires) will be the main goal 
of this section. 

As has been established in previous chapters, Multiple-Gate SOI 
MOSFETs are considered an attractive alternative to traditional bulk 
MOSFETs since they have proved to give better electrostatic control of the 
channel, allowing a greater reduction of the channel length ( L g ) while the 
SCEs are kept under control. Moreover, the use of two, three or even four 
gates allows a relaxation of the width (W Si =T w ) and height ( H Si ) of the 
silicon fin compared with L g . Under the denomination of multigates FETs, 
it is possible to find different structures such as FinFETs, Trigates, Gate 
All-Around (GAA), Pi and Omega-gate MOSFETs 1 . 

When the dimensions of the semiconductor fin, W s , and H s „ see Figure 
5.33, reach the nanometer scale, the carriers are confined in two 
dimensions, in the plane perpendicular to the transport direction. 
Therefore, the bulk crystal symmetry is not preserved and fundamental 
magnitudes, such as the density of states, and the band structure, 
experience important modifications, which will influence the carrier 
transport properties of these new devices. 



◄-► 


W 


Si 


Fig. 5.33. Representation of a SiNW where W Si and H Si represent the 
semiconductor fin width and height respectively, L g the gate length, and T ox the 
gate oxide thickness. Different cross sections, such as triangular or circular can be 
considered in addition to the rectangular one. 


1 Detailed information can be found in Chapter 1 
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It has been demonstrated that band structure effects begin to manifest in 
silicon nanowires with diameters below 5nm. For higher dimensions, the 
simple parabolic effective-mass approach with bulk effective-masses is the 
optimum solution due to its reduced computational cost. Moreover, with 
very small dimensions (< 5nm) this method can be still used when 
appropriate tuning parameters are employed. [98] 

Therefore, the modified semiconductor band structure should be taken 
into account when the device dimensions are below the limit of 5nm since 
other important parameters, such as the threshold voltage and the gate- 
channel capacitance, suffer considerable modifications.[99] 


5.3.2 Electrostatic description of Si nanowires 

In order to understand in depth the transport properties of these one¬ 
dimensional (ID) devices, detailed knowledge of the electron density and 
the electrostatic potential is necessary 2 . Obviously this requires the 
solution of the Poisson equation. Two different approximations can be 
carried out to achieve this goal. On the one hand, whether or not the whole 
device is considered, the solution of the three-dimensional (3D) Poisson 
equation for the electrostatic potential has to be carried out.[100-102] On 
the other hand, if a very long device is considered, this equation can be 
restricted to a plane perpendicular to the transport direction and the 
influence of the source and drain contacts neglected. In this case, the 2D 
Poisson equation must be solved, 

V(eV</>) = -q(p-n + N+ - N~) (5.3) 

where (f> is the electrostatic potential, s is the dielectric constant, q is the 
electric unit, n and p electron and hole concentrations, n + d and N~ ionized 
donor and acceptor concentrations. 

The use of the finite element method allows the simulation of different 
geometries, such as triangular, cylindrical or rectangular cross sections as 
shown in Figure 5.33. 

Due to the reduced dimensions of the devices under study, it is 
mandatory to include the quantum effects in the simulation, through the 
self-consistent solution of the Schrodinger equation. The most common 


2 More details on the electrostatic of Multiple-Gate FETs can be found in 
Chapter 4. Here we will focus on specific aspects necessary to study the transport 
properties of ID structures. 
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approximation is the solution of the equation in two dimensions in the 
channel cross-section. If the whole device is studied, this solution is 
carried out in an arbitrary number of slices along the device length and 
then coupled with the corresponding transport equation.[100, 102] 


It can be assumed that confinement is produced in the y and z directions 
and transport in the x direction and, as a first approximation, the effect of 
source and drain contacts can be neglected. Therefore, the 2D Schrodinger 
equation can be written as 


n 2 e 
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n 2 d 

( 1 
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2 dy 

l m y 
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2 dz 
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+ V(y,z)'¥„=E l> '¥ v 


(5.4) 


where m v and m, are the effective electron masses along the y and z axis 
respectively, and X F V the wave function belonging to energy level E v . In 
order to self-consistently solve the two equations, different algorithms can 
be employed. However, the predictor-corrector scheme proposed by 
Trellakis et al. [103] has been tested by several authors [104-106] on 
different semiconductor structures with excellent results in every case. 


It is also necessary to take into account the six equivalent valleys of the 
silicon conduction band. Hence, three sets of energy values are calculated 
according to the different values of the electron effective masses along the 
confinement directions. Assuming that the transport direction (x axis) is 
directed along the wire axis, which is aligned with the (100) principal Si 
lattice direction, the effective masses correspond to those shown in Figure 
5.34. 
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Fig. 5.34. Six-fold degenerate conduction band minima in Si (100) with the 
associated effective masses represented in the table. 

Therefore, for silicon-based structures, the quantum electron density is 
determined by adding the three partial densities corresponding to each 
direction, where we have different effective masses to consider in the 
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solution of Equation 5.4 and for the calculation of the 2D density of states. 
All these energies should be gathered and arranged according to their 
value, starting from the lowest. They are recognized with a subscript o that 
refers to the corresponding subband and valley indices. Since we are 
dealing with a one-dimensional (ID) electron gas, the quantum electron 
density is obtained from the eigenpairs (E u *f / u ) of Schrodinger’s equation 
as 


»=2XW ! (5.5) 

u 

where 
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2m x k B T 

7r 2 h 2 
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e f -e 0 

kT 
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denotes the occupancy of the eigenstate o, g v the number of equivalent 
conduction band valleys (g v =2), m x the electron mass along the wire axis, 
T the temperature, k B Bolt z mann's constant, E F the Fermi level, 3_ I/2 the 
complete Fermi-Dirac integral of order -1/2 and the remaining symbols 
have their usual meaning. [107] The number of energy values employed in 
the simulation should be high enough to capture the occupied levels that 
contribute significantly to the total electron density. Obviously the higher 
the lateral size, the higher the number of energy values necessary to satisfy 
the above condition. Flowever, in such cases, the two-dimensional (2D) 
confinement disappears and traditional bulk MOSFET behavior 
emerges. [108] 


In order to show the correct operation of the above procedure, it has 
been applied to a silicon Gate All-Around (GAA) MOSFET, where the 
semiconductor is completely surrounded by the insulator and the gate 
contact, as shown in Figure 5.33. In all the calculations, we assumed a 
square cross-section (W Si = H Sl ), substrate doping of 10 15 cm' 3 , T ox =1 nm, 
and a midgap workfunction metal gate (<f> m = 4.6leV). 


Figures 5.35(a), 5.35(b) and 5.35(c) represent the electron distribution in 
a silicon GAA with W Si = H Sl ~ 15nm while Figure 5.35 (d) corresponds to a 
4nm lateral size. Figure 5.35(a) was calculated using a classical solution of 
the structure and an applied gate voltage ( V G ) equal to IV. The maximum 
electron density is located at the Si-Si0 2 interface, right in the corners, and 
its value is clearly overestimated when compared with the corresponding 
quantum simulation shown in Figure 5.35(b). Figure 5.35(c) was 
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calculated for the same device shown in Figure 5.35(b) but with a gate 
voltage reduced to 0.25V. It shows how the electrons are spread 
throughout the whole silicon body with a peak density at the centre of the 
structure due to the so-called volume inversion effect.[14] Figure 5.35(d) 
corresponds to a device with reduced silicon fin dimensions (fVsi = 
N s ,=4nm ) and shows that for the same gate voltage as Figure 5.35(b) 
(Va= IV), the maxima of the electron density is again located at the center 
of the semiconductor due to the volume inversion effect. 



Fig. 5.35. Electron density calculated in silicon GAA MOSFETs. In figure (a), the 
classical electron distribution is shown for an applied gate voltage (Eg) of IV and 
with W$i =H Si =15nm. The peak density is reached at the Si-SiO: interfaces right in 
the corners, (b) and (c) show the quantum electron density (QED) when V G =1V 
and V G =0.25V respectively and W Si =H Si =15nm. At low V G , the electrons are 
concentrated in the centre of the silicon fin (volume inversion) and for higher V G , 
the maximum is shifted towards the interfaces, (d) shows the QED when V G = 1V 
in a device with W Si =H Si =4nm. Again the volume inversion effect is seen, in this 
case with a higher voltage and reduced lateral size. 
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5.3.3 Electron transport in Si nanowires 

Once the electrostatic description of the device has been completed, its 
electron transport properties can be studied from different approximations 
such as the Kubo-Greenwood formula [109, 110] modified for ID 
transport or the nonequilibrium Green’s function (NEGF) formalism.[111, 
112 ] 

Several works have employed a full quantum-mechanical treatment to 
study the transport properties of these devices. Techniques employed for 
quantum simulation include Nonequilibrium Green’s function (NEGF) 
formalism [111, 112], coupled Schrodinger approaches, the Pauli master 
equation, simple analytical models and recursive scattering matrices. [101] 

Elowever, most have considered the transport as ballistic, neglecting the 
effect of the scattering processes that occur in these devices. This is 
because it remains a formidable task to include the microscopic scattering 
mechanisms in this method. [102] Different approaches to including 
dissipation in quantum simulations, such as statistical approaches or the 
addition of an imaginary term to the Elamiltonian can be found in the 
literature. Elere we will briefly mention two of them: 

i) The deformation potential theory and the self-consistent Bom 
approximation for obtaining the self-energy functions for the 
intravalley and intervalley phonon scattering mechanisms [102] 
have been employed to take into account the effect of the electron- 
phonon interactions. Interestingly, when the long channel limit is 
considered, it is possible to obtain an analytical expression for the 
electron low field mobility that is equal to the Kubo-Greenwood 
formula modified for a ID transport. 

ii) One of the most popular techniques for including scattering in 
nanowires is the use of Biittiker probes, which has also been tested 
in MOSFET simulations. This method has been employed to deal 
with both elastic (surface roughness scattering and ionized 
impurity scattering) and inelastic (electron-phonon interaction) 
scattering mechanisms present in the device. The electron mobility 
calculated with this method is around 200 cm 2 /Vs in the 
channel. [100] 

Furthermore, the use of quantum simulators has demonstrated that the 
ballistic to diffusive crossover in Si nanowiress occurs at a channel length 
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around 1.5nm, much smaller than previously thought [101], and is far from 
being a feasible device. 

The simulation of long wires (channel length exceeding the carrier mean 
free path) implies that transport is diffusive, which justifies the use of a 
semi-classical Monte Carlo (MC) simulation where the quantum effects 
have been taken into account.[l 13, 114] This procedure has been quite 
popular in recent decades and the scattering models have been tested in a 
large number of semiconductor structures. [42, 115] 

However, the Monte Carlo algorithm normally used to calculate the 
electron transport properties in silicon inversion layers has to be modified 
to take into account the special characteristics of carrier confinement in 
two dimensions. Since the ID density of states presents a large number of 
peaks [116], the use of a self-scattering mechanism would generate a very 
large number of events of this kind. To solve this problem, a direct 
integration method is recommended, following the expression [117] 

_lnr = \l A o\ k v{ t ')\ dt ' ( 5 - 7 ) 

where r is a random number uniformly distributed at the interval [ 0 , 1 ], t is 
the free flight time, k v (t) is the momentum in subband v as a function of 
time, and A v {k v ) is the scattering rate as a function of the momentum for 
subband u. The total scattering rate has to be calculated beforehand as a 
function of the different scattering mechanisms considered in the study and 
tabulated for each subband in uniform energy steps of size AE, so the 
integral can be approximated by a sum 

-lnr=f>„p„(£))Af(£) ( 5 . 8 ) 

E=Ej 

with 

At ( E ) = -^r A K( E ) and Ak u (E) = \k u (E±AE)-k v (E)\ ( 5 . 9 ) 


It is interesting to remember that in ID systems, the final scattering state 
is limited to a backward or forward process from an initial state to a final 
one, depending on whether or not the scattering event reverses the carrier 
momentum. Figure 5.36 represents the four fundamental scattering 
processes in ID systems when a phonon is emitted (K~ v ,) or absorbed 

(JC).[ 118] 
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Emission backward Absorption 



Fig. 5.36. Representation of the fundamental scattering processes in ID systems 
when a phonon is emitted or absorbed. K~ ( K i n ) represents the final wave 

vector after a phonon is emitted (absorbed) and it may or may not reverse the 
carrier momentum. 

Among the different scattering mechanisms which can influence carrier 
mobility in a SiNW, it has been demonstrated that phonon scattering is the 
dominant mechanism in mobility degradation in a Si MOSFET under 
operating conditions at room temperature.[119] Therefore, phonon 
mobility is dominant in low effective fields and its value is determined by 
the acoustic and intervalley scattering rates. 

The use of elastic approximation in the calculation of electron scattering 
by acoustic phonons has been shown to be accurate at room 
temperature. [120] Both intra-subband and inter-subband electron 
scattering can be considered, using the following expression: 

c ' {K)= £^? d>d z ~) +s ^ + **»>•)] ( 5 - 1 °) 

where p is the silicon density, D ac is the deformation acoustic potential, it, 
the sound velocity in the silicon, and subscripts v and v' refer to the initial 
and final subbands respectively. 

The intervalley scattering rate can be expressed as: 
r “ ' + -*"-M** + *»■)] (5.11) 

where D tj is the deformation potential, coy is the intervalley phonon 
frequency, A (/ is the excited phonon number, and subscripts i and j refer to 
the initial and final valleys respectively. 

From (5.10) and (5.11) we can observe that the scattering rates are 
proportional to the ID density of states D W (E) and the overlap integral: 
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J Z = j j\ J vl ( y,z)e ± ^ q,y+q ‘\ 0 . ( y,z)dydz 


dq v dq z (5.12) 


In bulk silicon, this integral would reduce to a double delta function. 
However, in Si nanowires, the lack of translational symmetry in they and z 
directions produces a substantially different result, which is responsible for 
the uncertainty in maintaining the momentum in both directions. The 
reduction of dimensions ( Wsi, H St ) causes a significant increase of this 
uncertainty, reflected in a rapid growth of the overlap integral.[120, 121] 
On the other hand, the study of ultrathin-body (UTB) silicon-on-insulator 
inversion layers has demonstrated the influence of the confinement of 
acoustic phonons. It has been shown that in order to reproduce 
experimental mobility curves in UTB SOI inversion layers using a bulk 
acoustic phonon scattering model, it is necessary to increase the phonon 
scattering rate.[49-50,53] 


Thus, it was concluded that mobility is a strong function of the 
deformation potential constant ( D ac ). When the typical bulk value of D ac = 
9eV is employed in the simulations, the electron mobility reaches very 
high values and it is necessary to increase D ac to reproduce experimental 
results in DGSOI transistors.[122] This conclusion was reached employing 
both a semi-classical and a quantum transport simulator. [102] To be more 
precise, this value should be fitted with experimental results as a function 
of the device cross-section. As a reasonable approximation, a value of 
D ac = 12.9eV could be used for different dimensions, but this approximation 
does not accurately treat the effect of confined acoustic phonons, which 
could have an important influence when very small lateral sizes are 
analyzed.[123] Other authors have considered similar values such as 
D ac = 12.9eV [124] or D flC =14.6eV.[24] Therefore, this effect should be 
taken into account in future works where 2D confinement is evident and 
phonon quantization more relevant. 

The results obtained from MC simulation are shown in Figure 5.37 
where the calculated values of phonon-limited mobility are depicted as a 
function of the gate voltage for three different values of the square cross- 
section (Wsi = H Si = 15nm; lOnm; 5nm). As can be observed, phonon- 
limited mobility is quite similar for the higher cross sections (15 and 1 Onm 
of lateral size). However, if the silicon fin is reduced to 5nm, a significant 
degradation is found. [114] 
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Similar results were obtained for cylindrical silicon gated nanowires 
employing the Kubo-Greenwood formula. In their work, Kotlyar et al. 
[124] show that phonon-limited mobility is degraded in narrow wires and 
recovers what is known as MOSFET universal behavior in high surface 
fields. 



Gate Voltage (V) 

Fig. 5.37. Phonon-limited electron mobility in a silicon GAA device as a function 
of the gate voltage. Three different cross-sections are considered (W Si = H Si ), 
15nm, lOnm, and 5nm. 

Analyzing the expressions of the scattering probabilities, Expressions 
5.10 and 5.11, it is observed that they are proportional to two factors: 

i) The density of states (DOS). The transition from a 3D or 2D DOS to a 
ID DOS involves important differences since the two functions show 
totally different behavior as a function of the electron energy. When 
the cross-section is big enough, the energy separating the subbands is 
negligible compared to the thermal energy and the DOS resembles 
that of a 3D sample. However, for very small cross-sections, the 
energetic distance between subbands is large and the DOS is that 
corresponding to a ID electron gas.[125] The final DOS in ID 
conduction channels should be reduced in accordance with the 
reduced lateral size, and as a consequence, improved carrier 
mobilities can be expected. 
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ii) The overlap integral, Expression 5.12, between the initial and final 
electron wave functions increases when dimensions are reduced. 

These two opposite trends will determine the phonon-limited mobility in 
SiNWs. The overlap integral (5.12) for the ground subband is shown in 
Figure 5.38 for various fin dimensions and three different values of the 
inversion charge concentrations (dotted line: N; nv =10 10 cm' 2 ; dashed line: 
Ni n v=10 u cm' 2 ; solid line: N; nv =10 12 cm' 2 ). 



Silicon fin dimensions, Wgj = Hgj (nm) 

Fig. 5.38. Overlap integral for the ground subband as a function of the lateral 
dimensions of the silicon fin (W Si = H Si ) for three values of the inversion charge 
N im , (dotted line: A,„ v =10 10 cm' 2 ; dashed line: N inv =10 11 cm' 2 ; solid line: A,„„=10 12 
cm' 2 ). 

For the calculation of N inv we first evaluated the total charge per unit 
length (N t ) integrating Expression 5.6 throughout the whole silicon area 
and then defining N inv =N t /[2-(W s &H Si )] for the square cross-section or 
equivalently N inv =N,/(2nR) for the circular one. With this definition, the 
electron density is normalized for the different perimeters, allowing a fair 
comparison among all of them. 

Two different regions can be distinguished in Figure 5.38. For lateral 
sizes greater than lOnm, the overlap integral remains almost constant. 
Flowever, for dimensions below lOnm, a significant increase is seen, due 
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to the geometrical confinement of electrons in a very small region, 
independently of the applied gate voltage. Phonon-limited electron 
mobility follows a similar trend, as can be observed in Figure 5.37 and 
therefore, the electron-phonon wavefunction overlap dominates the 
density-of-states reduction in the calculation of the phonon scattering rate, 
causing a considerable reduction of the electron mobility. [114,126] 

Similar results were found in cylindrical gated nanowires [124] and 
have also been previously reported in DGSOl and SGS01.[21,40,45] 
Flowever, it is worth highlighting that in these calculations of the form 
factor in GAA MOSFETs, a range of lateral thickness with a minimum 
where the phonon scattering rate decreased instead of increasing as 
happened in DGSOl was not found. [4 

5.3.4 Surface roughness 

An accurate calculation at high effective fields requires the inclusion of 
surface roughness scattering since its effect is dominant. Intuitively, it 
could be expected that for very small dimensions, when electrons are 
completely surrounded by the insulator material, an increasing interaction 
between carriers and interfaces would produce a mobility degradation. 
Flowever, various recent works have revealed the opposite behavior. 

Ramayya et al. [126] have shown that the influence of surface 
roughness scattering is reduced with decreasing silicon width, due to 
volume inversion producing an appreciable mobility enhancement at high 
transverse fields. In their work, the surface roughness scattering (SRS) rate 
was calculated by assuming exponentially correlated surface roughness 
[57] and incorporating the wavefunction deformation using Ando’s 
model. [60] As might be expected, the resulting expression is determined 
mainly by the strength of the field perpendicular to the interface. When the 
width of the wire is decreased, the electrons move away from the 
interfaces, causing a reduction in the interface influence. A similar 
behavior was previously observed in ultrathin double-gate SOI FETs and 
explained by the onset of volume inversion.[40] Due to the reduced 
dimensions, carriers are distributed throughout the silicon volume, 
producing so-called volume inversion. This phenomenon is clearly shown 
in Figure. 5.35(d) where the electrons are spread throughout the whole 
semiconductor fin due to the volume inversion effect produced by the 
geometrical confinement obtained when the dimensions are reduced. The 
maxima of the carrier density for higher sizes, Figure 5.35(b) and the same 
applied voltage are shifted next to the interfaces. 
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In contrast to the previous work, which made use of perturbation theory 
to compute the SRS rate, Wang et al. [127] employ a full 3D quantum 
transport simulator of SiNW FETs based on an effective-mass 
approximation where the microscopic structure of the Si-Si0 2 interface 
roughness is treated directly by using a 3D finite element technique. The 
main conclusion obtained from this work is that SRS is less important in 
small-diameter NWs with few modes conducting than in planar MOSFETs 
with many transverse modes occupied. This result strengthens the theory 
that SRS is not a limiting factor in electron mobility when device 
dimensions are reduced. 

5.3.5 Experimental results and conclusions 

Different research groups are currently working on the manufacture and 
characterization of Si nanowires and a wide variety of experimental results 
have been presented. 

As an example, we could mention the studies published by Lieber’s 
group [128-129], one of the more active in the field, which has shown that 
the average transconductance and mobility shows substantial advantages 
for SiNWs obtained from Vapor-Liquid-Solid (VLS) synthesis compared 
with more conventional multigate FETs. However, a number of issues 
including device performance, reproducibility, and high quality ohmic 
contacts must be addressed if such systems are to be implemented in the 
future. 

More recently, electron mobility as high as ~1000cm 2 /Vs has been 
reported for n-channel SiNW FETs made following conventional 
semiconductor manufacturing techniques, from a p-type SOI wafer with 
n+ source and drain. Moreover, the authors of this work conclude that as 
the channel width decreases, the inversion layer mobility of the SiNW 
increases to approximately twice the mobility of the larger channel-width 
FETs. [86] 

Singh et al. [97] report the fabrication of GAA n- and p- FETs on a 
SOI wafer with a diameter smaller than 5nm and lengths around lOOOnm 
where the estimated electron and hole mobilities are ~750 and ~325 
cm 2 /Vs at high fields. 

These experimental results cover a wide range of mobility values and, to 
date, a clear explanation is not available for all of them. Various reasons, 
have been put forward to justify these discrepancies, such as strain in the 
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semiconductor due to the oxidation process or the possible suppression of 
inter-valley phonon scattering, volume inversion, and reduced surface 
roughness at high fields. [97] 

Three important conclusions can be drawn from the above results: 

i) The characteristics of the Si nanowires obtained from chemical 
synthesis are at the moment similar to those of multigate 
transistors, indicating no significant improvement in mobility. 
Moreover, the performance and electrostatics of these new devices 
(the bottom-up approximation) require further improvement and 
their scalability still needs to be demonstrated.[130] 

ii) Much more theoretical and experimental work is required to 
further understand the transport properties in multigate NWs 
where it has been demonstrated that the previous models, which 
worked properly in inversion layers, fail when applied to these 
highly confined systems. 

iii) The unique properties observed in ID electron gases can be 
appreciated only when lateral dimensions are well below lOnm 
since otherwise their behavior much more closely resembles that 
found in traditional silicon inversion layers. This conclusion can 
be relaxed when very low temperatures are applied, as was 
demonstrated by Colinge et al. [ 131 ] 
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6 Radiation Effects in Advanced Single- and 
Multi-Gate SOI MOSFETs 


Veronique Ferlet-Cavrois, Philippe Paillet and Olivier Faynot 


6.1 A brief history of radiation effects in SOI 

Radiation effects have been studied in microelectronic components for 
several decades for military and space applications^ 1] For these hash 
environments, robust SOI technologies have been developed with a single¬ 
gate partially depleted architecture and body contacts to avoid floating- 
body effects. The main advantage of SOI for transient and single-event 
effects comes from the small sensitive volume and the complete dielectric 
isolation of each transistor. The collected charge under irradiation is 
limited to the transistor sensitive volume and it is significantly reduced 
compared to bulk. SOI is naturally hardened to latch-up, charge sharing or 
funneling effects due the presence of the buried oxide that prevents charge 
collection from the substrate. On the other hand, total dose remained a 
concern since the active transistor is surrounded by oxide (gate, lateral, 
buried oxide) where irradiation generated charge can get trapped and 
modifies the transistor characteristics. Flowever, hardening techniques 
were developed for both total dose and transient effects resulting in highly 
hardened SOI devices. 

In the 1990’s, a new IC reliability concern emerges in large-scale, non- 
hardened devices because of the terrestrial radiation environment 
encountered in avionic and ground-level circuits. [2-6] The two main 
components of the natural environment threatening the reliability of new 
generation ICs are alpha particles from the telluric activity and neutrons 
coming from the interaction of cosmic rays with the earth atmosphere. In 
both cases, the interaction of particle with semiconductor ICs results in 
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local parasitic charge generation. With technology scaling, the reduction of 
transistor dimensions and supply voltage, a small collected charge is able 
to induce an upset. For reference, a 256 Mbyte computer without error- 
correction software might typically encounter one error every three weeks. 
[7-8] The errors induced by the natural environment are the major source 
of errors, by several orders of magnitude, compared to other reliability 
mechanisms like metal electromigration or gate rupture. [9] Flardening 
design techniques such as error correction codes and redundancy, have 
been introduced to mitigate the effects of the natural radiation 
environment. Special care is also taken to control alpha contaminants in 
processing and packaging materials. 

Few years after, in the early 2000’s, SOI reached a level of maturity high 
enough to allow for the commercial production of complex and high- 
performance circuits such as microprocessors. The quality of SOI 
substrates has improved to a level such that SOI circuits now enjoy same 
fabrication yield figures as high as bulk circuits. The preferred device used 
in those applications is the single-gate, floating-body partially depleted, 
thin-film silicon transistor. Body contacts are removed since the puipose of 
these circuits is high speed and high density. The floating-body effect is 
even used to accelerate gate switching in digital circuits. Compared to its 
bulk counterpart, and even without body contacts, SOI has been shown to 
significantly improve the reliability of large-scale highly integrated circuits 
in the natural radiation environment. Because of the limited charge 
collection, SOI appears as one solution to the growing concern of 
semiconductor manufacturers for the ICs reliability. 

In the same time, convinced by the potential of SOI to meet the ITRS 
requirements for the 50 nm - 20 nm nodes, research laboratories are 
investigating new SOI-based architectures, fully depleted single- or multi¬ 
gate devices. For these new architectures, the issue is to ensure a good 
reliability of very large-scale circuits in the natural terrestrial environment. 
These nanoscale devices are also evaluated for hash environments such as 
space applications (satellites) which need complex on-board electronic 
treatments. The investigated constraints are then total dose for space 
applications and single-event effects for both space and terrestrial 
applications. 
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6.2 Total Ionizing dose effects 

As far as radiation effects are concerned, the total dose response of SOI 
devices is more complex than that of bulk silicon devices. Historically, 
SOI technologies were first developed for radiation-hardened military and 
space applications, mostly for their intrinsic immunity to latchup induced 
by heavy ions crossing the device. Since they are surrounded by oxide 
layers, individual SOI transistors present a series of parasitic structures 
which can reveal very troublesome when the device is exposed to ionizing 
radiation such as x-rays. Some of these parasitic structures are also present 
in bulk devices (i.e. those related to lateral isolation oxide) and some are 
specific to the SOI technology (i.e. the buried oxide). 

Radiation-induced trapped charge in the buried oxide can increase the 
leakage current of partially depleted transistors and decrease the threshold 
voltage and increase the leakage current of fully depleted transistors. Many 
efforts have been made to reduce these parasitic structures and very high 
levels of radiation hardness have been achieved. Process techniques that 
reduce the net amount of radiation-induced positive charges trapped in the 
buried oxide and device design techniques that mitigate the effects of 
trapped charges in the buried oxide have been developed to harden SOI 
devices to similar total-dose levels as their bulk silicon counterparts. 

This section will focus on the effects of total-dose irradiation on 
advanced fully depleted SOI technologies (with a gate length less than 
lOOnm), both on planar single-gate and on 3D multi-gate devices. The 
comparison of radiation hardness between more traditional SOI 
technologies, such as single-gate partially depleted and fully depleted 
devices, is out of the scope of this chapter, but can be found in [10] and 
references therein. 


6.2.1 A brief overview of total Ionizing dose effects 

Total dose degradation is a cumulative process caused by ionizing 
radiation, which creates electron-hole pairs in insulating materials. In the 
absence of an electric field in the oxide, these radiation-induced pairs will 
recombine very efficiently, leaving only a limited number of free positive 
and negative charges in the oxide. Unfortunately, most oxides in modem 
devices are surrounded by metal and (poly)silicon layers, each biased at a 
different voltage. Therefore an electric field is almost always present in 
the oxide, and the generated electron-hole pairs will be separated by this 
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electric field. Electrons are swept very efficiently out of the oxide towards 
the positive electrode, while holes, which have a much smaller mobility, 
will have a greater probability of being trapped in the oxide at neutral 
defect sites. For both SOI and bulk-silicon devices, the same types of 
oxides are typically used for the gate and field oxides (LOCOS or shallow- 
trench isolation (STI)) and the radiation-induced build-up of charge in 
these oxides is similar. The main difference between the total dose 
response of SOI and bulk-silicon devices is radiation-induced charge 
build-up in the buried oxide. The net radiation-induced trapped charge is 
predominantly positive. This positive charge can invert the back-channel 
interface of n-channel SOI transistors and lead to large increases in leakage 
current of partially depleted and fully depleted transistors. 

Fully depleted transistor circuits are very sensitive to radiation-induced 
oxide charge build-up in the buried oxide and interface trap build-up at the 
top buried oxide/silicon interface. The top-gate transistor is electrically 
coupled to the back-gate transistor and charge trapping in the buried oxide 
directly affects the top-gate transistor characteristics. For example, positive 
charge trapping in the buried oxide will decrease the top-gate threshold 
voltage of an n-channel transistor. [11-13] 

In floating-body devices, a sudden increase in the radiation-induced 
leakage current caused by charge trapping is observed in some 
cases.[8,14,15] It may be partly due to inversion of the back-channel 
interface and partly due to a “total-dose latch” effect.[16-18] The total- 
dose latch effect is caused by charge trapping in the buried oxide 
modulating the body potential. As the body to source barrier height is 
lowered, excess electrons can be injected into the body region and be 
collected at the drain. If the electric field near the drain is high enough to 
cause impact ionization, this can lead to a current runaway condition 
causing snapback (in SOI technology, snapback is often called single¬ 
transistor latch). 


6.2.2 Advanced single-gate FDSOI devices 

Total Ionizing Dose effects in single-gate fully depleted SOI devices 
have been extensively studied [5,6,8,10-13,19], mostly on devices with a 
gate length longer than 0.25 pm. Some total-dose results are also available 
for gate lengths down to 130 nm, but almost no data is currently available 
for devices with dimensions below 100 nm. In the following, results from 
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reference [20] are summarized to present the first set of data available on 
such advanced devices, with gate lengths down to 50 nm. 


6.2.2.1 Description of advanced FDSOI devices 

These advanced devices were fabricated at CEA/LETI. They are fully 
depleted single-gate SOI NMOS transistors (FDSOI) with a gate length 
varying from 50 nm to 1 pm. They were processed on a standard P-type 
substrate, with a resistivity of 10 to 20 Q.cm. These UNIBOND™ SOI 
substrates have a buried oxide thickness of 145 nm, and all nm-thick 
silicon film in the channel region. The transistors are processed with a 
mid-gap TiN gate, and a low silicon film doping level (~ 10 15 cm' 3 ). The 
gate oxide thickness of the transistors is 1.7 nm. After process, the actual 
gate length is shorter than drawn on the mask. From SEM cross-sections, a 
reduction of about 20 nm can be observed, meaning that the gate drawn at 
50 nm has an effective gate length of about 30 nm. In the following, we 
will refer to the different gate lengths using their value drawn on the mask, 
starting at 50 nm. 

The process used at CEA LET1 involves lateral isolation via oxide 
trenches, aluminum metal layers and oxide overlayer isolation. The tested 
devices were either floating-body transistors (gate width of 40 pm), or 
transistors with an external body contact (gate width of 10 pm). The 
different drain current characteristics are normalized to account for the 
difference in gate width. 

6.2.2.2 Front-gate threshold voltage shift 

Charge trapping in the gate oxides of today’s MOS devices, whether 
bulk or SOI, is not a first order concern, since their thickness (< 50 A) is 
thin enough to limit the direct influence of their total dose degradation on 
the electrical characteristics of the device. Thicker oxides such as lateral 
isolation or buried oxides for SOI devices, on the other hand, are a greater 
concern, because their related parasitic structures are revealed upon charge 
trapping, and can dominate the TV characteristics when total dose 
accumulates. Therefore, the total dose sensitivity of the device will be 
increased by charge trapping in these thick oxides. In FD SOI devices, 
charge trapping in the buried oxide can affect the front transistor through a 
direct coupling effect between the front and back interfaces. 

The front-gate threshold voltage shifts of 80 nm FDSOI devices, 
resulting from charge trapping in the buried oxide, are presented in Fig. 6.1 




262 Veronique Ferlet-Cavrois, Philippe Paillet and Olivier Faynot 


as a function of total dose. The 7 W - Vq characteristics are shifted towards 
more negative voltages as total dose is accumulated in the gate and buried 
oxides of the transistor. 



Gate Voltage (V) 

Fig. 6.1. Normalized drain current versus front gate voltage, measured at a drain 
voltage of 1.2V on a 80 nm FDSOI NMOS transistor with external body contact. 
The device was biased in the OFF-state during irradiation (from [15]). 

For a total dose of 500 krad(Si0 2 ) deposited in a 1.8 nm thick oxide, and 
assuming that 100% of the generated holes are separated and then trapped 
at the interface, the maximal voltage shift would be of only 60 mV. [15,21] 
The front gate threshold voltage shifts measured in Fig. 6.2 do obviously 
not reflect charge trapping in the gate oxide. These shifts are caused by the 
electrical coupling between the front interface and the charges trapped in 
the buried oxide. 

The bias applied to the device during exposure to radiation is a critical 
parameter influencing charge trapping. For fully depleted SOI transistors, 
the worst-case bias is not as well defined as for partially depleted SOI 
transistors. Similar to the case for partially depleted SOI transistors, for 
some technologies, the Transmission-Gate (T-G) configuration, (source 
and drain at V DD , other contacts grounded) caused the most radiation- 
induced charge trapping in the buried oxide. [6] However, for other 
technologies, the worst-case bias was determined to be the ON bias 
configuration (gate at V DD , other contacts grounded).[9] In these short-gate 
devices, the T-G bias configuration is considered to be the worst-case bias 
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condition for total-dose effects, as it was the case in devices with larger 
gate lengths.[10,15] The mechanism causing these differences in bias 
dependence is still unknown. 

The front-gate threshold voltage shifts of TG-biased transistors depend 
on the gate length of the device. Fig. 6.2 displays the front threshold 
voltage shift dependence on irradiation dose as a function of transistor gate 
length. As gate length is decreased, the corresponding threshold voltage 
shift increases. This effect has been observed already both for PD devices 
[17] and FD devices.[10] As gate length decreases, source and drain 
contacts get closer together, and the electric field lines in the BOX, 
originating from these contacts, converge under the channel region. A 
more detailed description of charge trapping in FD and PD SOI devices, 
obtained with numerical simulations using a 3D self-consistent code, can 
be found in Refs. [15,22]. Differences in trapped charge profiles in the 
buried oxide are investigated for different bias applied during irradiation. 
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Fig. 6.2. Front-gate threshold voltage shifts versus gate length of FDSOI NMOS 
transistors, biased in the TG-state during irradiation, from Ref. [15]. 

The important point is that, after a 100 krad(Si0 2 ) worst-case 
irradiation, the characteristics of those devices with external body contact 
still have a leakage current lower than 0.1 nA/pm. This would be within 
margins for a low-power technology for most space applications, even 
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though at this point no particular effort was made to optimize the radiation 
hardness of the technology. 

6.2.2.3 Single-transistor latch 

Charge-trapping effects in advanced fully depleted SOI devices depend 
greatly on device architecture. The front-gate I-V characteristics are 
impacted differently for transistors with or without external body contacts. 
The threshold voltage shifts presented previously were obtained on devices 
with external body contacts only. Most floating-body devices do exhibit a 
high-current regime that rapidly dominates their current-voltage 
characteristics after irradiation. This radiation-induced high-current 
regime (also called single-transistor latch) has been observed in fully 
depleted devices with larger gate length.[10-13] Simulations show that the 
mechanism responsible for the onset of single transistor latch results from 
the combined effect of small gate length and floating body potential in the 
intrinsic silicon film.[18,20] 

Adding body ties or external body contacts to the device architecture 
completely suppresses the onset of single-transistor latch. The effects of 
the radiation-induced charge trapped in the BOX in devices with body 
contacts are then limited to the expected shift of the threshold voltage, as 
presented in the previous section. These two different behaviours are 
illustrated in Fig. 6.3.a, where data plotted with open symbols are obtained 
on transistors with a grounded external body contact, and data plotted with 
lines are obtained on floating-body transistors, irradiated and measured 
with the same bias conditions as their counterparts with external body 
contacts (open symbols). 

In Fig. 6.3a, the first two front-gate I-V curves resemble exactly those 
obtained for devices with an external body contact. As total dose keeps 
increasing, a high leakage current level is measured in the floating-body 
device, throughout the negative part of the gate bias sweep. The results 
obtained for the back gate transistor (Fig. 6.3b) are very similar to the one 
in Fig. 6.3a, showing the same occurrence of a high-current regime. Thus, 
the conditions that induce this high current regime on the front-gate 
characteristics also appear to affect the back-gate conduction, even at high 
negative back-gate voltages. This observation is specific to these small 
gate length devices. On 0.25 pm fully depleted devices, this high-current 
regime or “total-dose latch” was only observed on the front-gate 
transistor. [10,13] 
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Fig. 6.3. Normalized drain current versus front-gate voltage (top) and back-gate 
voltage (bottom), measured at V = 0.1 V on a 60nm FDSOI NMOS transistor, 
biased in the OFF-state during irradiation. Data are shown for floating-body 
devices, atpre-rad, 10, 50, 100, 200, and 500 krad(Si0 2 ), from Ref. [15]. 

The occurrence of a high-current regime in floating-body devices 
measured at nominal drain voltage can be expected in short-channel 
transistors. The data presented in Fig. 6.3 were measured at a much lower 
drain voltage (V D =0.1V), and the high level of drain current is observed 
throughout most of the gate voltage sweep. This is the first experimental 
evidence of single-transistor latch at such a low drain voltage, well below 
the drain voltage required to initiate impact ionization, before these results 
were published, the onset of single-transistor latch was usually thought to 
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be maintained, if not induced, by impact ionization in the silicon film. The 
description of all the precise mechanisms which contribute to its 
occurrence is still a matter of debate, and is clearly out of the scope of this 
chapter. 

In summary, floating-body fully depleted devices with very short gates 
and undoped body are sensitive to single-transistor latch, even at low drain 
voltage, which is new and unexpected compared to devices from older 
generations. The combined effect of a small gate length with intrinsic 
floating body results in a strong influence of charge trapping in the BOX 
on the potential of the body. The increase in floating-body potential, 
induced by total-dose effects, is responsible for the onset of a high-current 
regime, without the need for impact ionization. The use of body doping is 
a way to mitigate this sensitivity to single-transistor latch. Devices with 
external body contact, on the other hand, are not sensitive to single¬ 
transistor latch, even for very small gate lengths. They exhibit an intrinsic 
resistance to total-dose irradiation, at levels typical of most space 
applications. 

6.2.3 Advanced multi-gate devices 

Total Ionizing Dose effects in multi-gate, fully depleted SOI devices 
have not been extensively studied yet, mostly because these devices are 
still at an early stage of development, thus not readily available for this 
kind of investigation. The first papers related to total ionizing dose 
experiments on multi-gate devices were the works of Colinge et al. in 1993 
[23], and Francis et al. in 1994.[24] In reference [23], the authors 
investigate the total dose sensitivity of Gate-All-Around devices, 
fabricated using a 3 pm technology on SIM OX buried oxide. 

The irradiation results of [23] are the first ever reported on multi-gate 
devices, they are recalled here in Fig. 6.4. Most of the threshold voltage 
shift induced by ionizing radiation in these GAA devices is shown to 
saturate rapidly after a total dose of 324 krad(Si), to reach values around 
1.5V to 2V. Compared to the threshold voltage shifts obtained in the 
single-gate FD SOI devices, presented in section 6-3-2-2, this value of 2V 
can seem to be large. It is not suiprising however, since these GAA 
devices have a 50 nm thick gate oxide, which was thin at the time, but is 
now much thicker than gate oxides of today’s devices. The other total 
dose experiments [24] performed on GAA-based inverters, clearly 
evidenced the necessity of a radiation hardened design for SRAM cells to 
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overcome the charge trapping effects in the relatively thick oxides used for 
this 3-pm generation technology. 



Gate Voltage (V) 

Fig. 6.4. Experimental log Id(Vq) curves of an n-channel GAA device exposed to 
different irradiation doses. Vq = 3 V during 60 Co irradiation, and V DS = 0.5 V 
during parameter extraction. W/L = 3 pm/3 pm, from Ref. [23]. 

Since the pioneering work of Colinge et al., other experimental data 
were published recently in 2006, on more advanced devices.[25-27] 
Another recent work presents only simulations of total-dose effects based 
on FD SOI devices operating in double-gate mode, with no radiation data 
on actual devices.[28] In the following, the total-dose results from 
references [25] and [27] are summarized to present the first set of 
experimental data available on such advanced non-planar triple-gate 
transistors. 

6.2.3.1 Devices and process description 

The triple-gate devices used in reference [25] were fabricated at the 
CEA-LETI on standard P-type Unibond’ substrates with a BOX thickness 
of 100 nm.[29] The silicon body was overetched to form O-shaped gates, 
as schematically described in Fig. 6.5. Successive sacrificial oxidations 
were performed to suppress the defects on the lateral sides of the silicon 
finger and to round its comers. The final silicon thickness ( T Si ) is 
approximately 25 nm. 
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Fig. 6.5. Schematic configuration of the O-FET. The TEM cross-section of the O- 
FET represents a cut in the channel.[29] 

The front-gate oxide was processed in two steps: a thin silicon dioxide 
layer was grown before the high-k dielectric deposition, with a final 
equivalent oxide thickness of about 2 nm. The channel is left undoped (~ 
10 15 cm’ 3 ) and a mid-gap TiN metal gate completes the gate stack, 
resulting in a front-channel threshold voltage V T f of about 0.56 V. The 
silicon fingers (referred to as “fins”) and the gates were patterned using e- 
beam lithography. The resulting silicon fin widths (JV S j) vary from 40 nm 
to 10 pm and the gate lengths from 50 nm to 10 pm. From SEM cross- 
sections, a reduction of about 20 nm can be observed between the gate 
drawn on the mask and the final physical gate length. For instance, a 
50 nm gate length drawn on the mask corresponds to a physical gate length 
of about 30 nm. 

Devices used in reference [27] were also fabricated on standard 
Unibond™ substrates. The BOX thickness is 200 nm. The silicon film was 
doped using boron, resulting in channel doping concentration of 
6 x 10 17 cm' 3 . Lithography and RIF, are used to etch the silicon film and 
define 50 nm-wide silicon fins. The devices underwent a hydrogen 
annealing step to smooth the silicon surfaces, round fin corners and to thin 
the fins.[30] The radius of curvature at the top and bottom of the fins was 
measured in TEM cross sections and is 5 nm and 2 nm, respectively. The 
final fin width and height obtained by this process is 45 nm and 82 nm, 
respectively. A 2-nm gate oxide was then grown by wet oxidation in an 
AMAT ISSG reactor. Polysilicon was then deposited and doped N-type by 
phosphorus ion implantation. Arsenic was implanted to form sources and 
drains and titanium silicide was formed on sources and drains to reduce 
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parasitic resistance. Classical aluminum/silicon metallization was used to 
complete the process. The main difference with devices from CEA-LET1 is 
that the minimum printed gate length of these devices is 150 nm and each 
device consists of 10 fins operating in parallel. A cross section TEM view 
of a fin is shown in Fig. 6.6. 
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Fig. 6.6. (A) TEM cross section of a trigate SOI MOSFET. The fin width is 
45 nm and the fin height is 82 nm. Gate oxide thickness is 2 nm. (B). Schematic 
cross section showing the crystal orientation of the different Si/Si0 2 interfaces. 
Copyright© 2006 IEEE. 


6.2.3.2 Front-gate threshold voltage shift 

Irradiation experiments carried out on omega-gate and triple gate 
MOSFETs show that the threshold voltage shift induced by the creation of 
positive charges in the BOX increases with the width of the device fins, as 
illustrated in Fig. 6.7 from Ref. [25]. As shown in Fig. 6.7, when the fin is 
very wide, the device operates like a “regular”, single-gate, fully depleted 
SOI device. When the device is very narrow, the presence of the lateral 
gates in the BOX acts like a virtual back gate. The effect of this virtual 
gate shields the bottom of the silicon fins from the electric field created by 
the charges in the BOX. The trapped charge in the BOX then has a very 
limited impact on the characteristics of the transistor. As a result, narrow 
devices behave almost like Gate-All-Around MOSFETs in which the 
charges in the BOX have no influence on the device characteristics. More 
detailed simulations, using a self-consistent code dedicated to total dose 
effects in MOS devices, show that the very good total dose tolerance of Q- 
FETs is in fact intrinsic, and due to a combined influence of the lateral 
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gates. First, by penetrating into the BOX, they repel the electric field lines 
originating from source and drain contacts towards the volume of the 
BOX, instead of towards the channel as in a single-gate device. Therefore, 
charge trapping is reduced under the channel region, since radiation¬ 
generated holes are drifting to and trapped in a region where they can less 
impact the device electrical response. This modification of the trapped 
charge profile combines to the previously mentioned “virtual gate” effect, 
which reduces the influence of the trapped charge even further. 
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Fig. 6.7. Front-gate threshold voltage shift AV T F versus silicon fin width for non- 
planar O-FETs (black squares), and planar single-gate FD SOI transistors (open 
circles), from Ref. [25]. 



Fig. 6.8. Simulated voltage shift (black squares) on different MOSFET 
architectures: planar SG, Triple-Gate, 11-Gate and O-gate FETs. Experimental 
data obtained under similar irradiation condition are added as open circles. Data 
from Ref. [25]. 
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When comparing planar and non-planar devices, the O-FET architecture 
is the most efficient in improving the radiation tolerance of advanced 3D 
devices. As shown in Fig. 6.8 from Ref. [25], all the simulated multi-gate 
devices exhibit either a very limited or no threshold voltage shift after 
exposure to ionizing radiation. These simulations are in perfect agreement 
with the experimental data currently available. 

In conclusion, the total-dose effects investigated in scaled non-planar 
multi-gate devices clearly evidence the high ionizing dose tolerance of 
narrow scaled Q-FETs. This tolerance is intrinsic to the geometry of the 
device, and benefits from the efficient control over the potential in the fin 
from the lateral gates. On the one hand it decreases the influence of the 
radiation-induced charge trapped in the buried oxide on the electric 
properties of the device (so called “virtual gate” effect). On the other 
hand, it also modifies the profile of charge trapping in the BOX. Holes are 
trapped near the lateral gates in the bulk of the BOX instead of under the 
channel region, less impacting the device electrical response. From 
existing data and simulations, the Q-FET architecture appears to be the one 
with the highest intrinsic radiation tolerance of all advanced 3D devices 
investigated so far. 

6.3 Single-event effects 

The sensitive volume for charge collection in SOI devices is much 
smaller than for bulk silicon devices, making SOI devices potentially much 
harder to single-event upset (SEU). However, bipolar amplification caused 
by floating-body effects can significantly reduce the SEU hardness of SOI 
devices. Body ties are used to reduce floating-body effects and improve 
SEU hardness. SOI ICs are completely immune to classic four-layer p-n- 
p-n single-event latchup; however, floating-body effects make SOI ICs 
susceptible to single-event snapback (single-transistor latch). The sensitive 
volume for dose-rate effects is typically two orders of magnitude lower in 
SOI devices than in bulk-silicon devices. Using body ties to reduce bipolar 
amplification, much higher dose-rate upset levels can be achieved for SOI 
devices than for bulk-silicon devices. 

6.3.1 Background 

The first paper showing single-event effects in multi-gate devices was 
published in 1995.[31] The irradiated devices were lk SRAMs based on 
3-pm gate length Gate-All-Around (GAA) transistors irradiated by heavy 
ions. A very high threshold LET of about 100 MeV cm 2 /mg was measured 
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when the SOI/GAA SRAMs were operated at low supply voltage (1.9 V), 
which is the worst case for single-event effects. The saturated cross section 
was found to be of 3x10 * cm 2 /bit, corresponding to the sensitive surface of 
the body region (enclosed in the GAA structure) of the OFF-state 
transistors. 

This paper [31 ] was also the first to suggest an analytic expression for 
the minimum charge necessary to induce an upset (i.e. the critical charge). 
The upset mechanism was explained by taking into account the temporal 
response of the SRAM cell (see Fig. 6.9a). In an SRAM cell, when an 
OFF-state transistor is struck by an ionizing particle, a transient current is 
collected at the drain. The cell upset then results from the competition 
between the feedback effect on the opposite inverter causing the cell upset, 
and the recovery transient current through the ON-state load transistor 
mitigating the upset mechanism. In the considered SOI/GAA SRAMs, the 
critical charge is high (in the pC range) consistent with the 3-pm 
generation. Because of the small sensitive volume (delimited by the GAA 
structure), it resulted in a very high threshold LET (100 MeV cm 2 /mg). 

For present-day multi-gate devices the orders of magnitude of radiation 
effects have to be re-considered. Fig. 6.9b shows the simulated upset of an 
SRAM cell for a 65 nm partially depleted SOI technology. In this case, the 
critical charge, obtained from the transient current at the threshold LET 
1.5 MeVcm 2 /mg, is exactly 1 fC. The critical charge for a 50-nm 
generation device is then typically lower than 1 fC. Embedded or stand¬ 
alone SRAMs are one of the most sensitive parts in a digital system. 
Fig. 6.10a shows that the SEU rate for 1 Mbit SRAMs is about constant 
over generations. However, system complexity has increased considerably 
with technology scaling, and computers and complex system (like 
computer clusters) have now huge SRAM capability. 

Another reliability issue has appeared recently, called the “single-event 
transient” (SET). [32] Irradiation induces parasitic transients that propagate 
in digital logic and can get latched in a memory element and then generate 
an erroneous information. Fig. 6.10b shows an example of SET 
propagation and latch in a 0.18 pm bulk technology. In Fig. 6.10a, the 
effect of SET (“non-SRAM SER”) is shown to increase with generation 
scaling. It seems the SET sensitivity might reach the SEU sensitivity for 
future generations. In this case, mitigation techniques will have to be 
adopted for both radiation effects in memory and logic treatment parts. 
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Fig. 6.9. (a) Schematic of the upset mechanism in an SRAM cell.[8,33] (b) 
Simulation of the SRAM cell output voltage and the parasitic current crossing the 
hit OFF-state NMOS transistor at different LET. 


a) b) 
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Fig. 6.10. (a) Simulated logic SER (SET effects) as a function of scaling (black 
diamonds) and measured data for the 0.13 pm node, and measured SRAM SEU 
rate (white diamonds).[6,34] The SET and SEU rates are expressed in FIT/Mbit 
(1 error for 10 9 hours in a 1Mbit SRAM), (b) Simulation of single-event transient 
(SET) propagation in a 10-inverter delay chain in 0.18 pm bulk technology.[35] 

The investigation of single-event effects in new devices is still under 
progress. First, nanoscale devices are developed in research laboratories 
mostly at the device level. Irradiation can thus only be performed on 
devices and then extrapolated by simulation and analysis to the circuit 
level. Transient effects in single transistors are difficult to measure since 
the transistor response is very fast (in the 10-50ps range) and the collected 
charge is small. A specific high-bandwidth experimental set-up must be 
developed, and the measured signal is often at the limit of the system 
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capability. The fast transistor response is due to its small dimensions and 
its reduced sensitive silicon volume. The measured quantities are then 
orders of magnitude faster and smaller than for micrometers-devices. 

The simulation of single nanoscale transistors also faces difficulties. 
New physical effects, (quantization of carrier energy, tunneling current and 
ballistic operation) must be taken into account for a proper simulation and 
modeling of radiation effects in these new devices. The involved physical 
phenomena still need to be validated in the specific unusual range of 
device operation of under irradiation. 

Since complex circuits (SRAMs, DSP) are not available in nano-scale 
technologies yet, their response under irradiation is extrapolated from 
single devices using mixed-mode simulations. This can be achieved with 
TCAD tools for total dose (X-rays or 60 Co) or heavy ions that induce direct 
ionization. However, some particles, such as high-energy protons or 
neutrons encountered in space or terrestrial environments, deposit charge 
by indirect ionization through nuclear interactions that generate a wide 
population of ionizing recoils. The analysis of future nano-scale circuits in 
such environments then require a multi-scale simulation with first the 
calculation of the deposited charge, then the device response, and 
eventually the circuit response. 

In the following, we will present the state-of-the-art of single-event 
effects in advanced single and multi-gate transistors. We will first show 
measured and simulated responses of single and multi-gate transistors of 
the 50-nm generation and then investigate the effect of technology scaling 
on device sensitivity 

6.3.2 Effect of ion track diameter in nanoscale devices 

The ion deposited charge Q dep in SOI planar devices is calculated from 
the ion LET (Linear Energy Transfer) and the silicon film thickness 
(Fig. 6.11). The ion generates charges along its track in the sensitive 
transistor volume, and the track diameter is assumed to be small compared 
to the transistor dimensions. The angle of incidence 6 of the striking ion 
can be used during tests to increase the deposited charge in long gate 
length transistors. The ion LET is usually expressed in MeVcm 2 /mg in 
hardness assurance test methods, and the conversion factor in silicon 
devices is that an ion of 100 MeV cm 2 /mg generates 1 fC/nm along its 
track length. Also detailed in Fig. 6.11 is the principle of the parasitic 
bipolar amplification. The floating body reacts as the bipolar base, and it 
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results in the amplification of the deposited charge. The bipolar gain ft is 
calculated as the ratio of the charge collected at the drain electrode to the 
charge generated in the transistor body. [3 6] 



Q lv lfC] = LET[fCI,, m ]x'-^ 

cosy 

LET conversion factor in silicon: 

1 fC/nm ~ 100 MeV cm 2 /mg 


Parasitic bipolar gain /? = 


Qcol 



Fig. 6.11. Radial charge density of ion tracks in silicon for low- and high-energy 
ions with same LET, compared to new generation nanoscale devices. [3 7] 


As far as nanoscale devices are concerned, Fig. 6.12 clearly shows that 
the notion of ion LET is no longer appropriate to describe charge 
generation. 
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Fig. 6.12. Left: Radial charge density of ion tracks in silicon for low- and high- 
energy ions with same LET (about 10 MeVcm 2 /mg), compared to new generation 
nanoscale devices. [37]; Right: Schematics of the track of an ion striking a 
MuGFET. 
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The radial profile of the ion track, which varies with both the ion type 
and its energy, has to be taken into account in a 3D simulation. 
Furthermore, contrary to old generation partially depleted devices, the 
body of nanoscale transistors is lightly doped (near intrinsic) with a low 
recombination rate. The main consequence is that even the low charge 
density at the edges of the ion track must be taken into account to calculate 
the generated charge. The advantage of the ion track being larger than the 
transistor dimension is that part of the ion-induced charge is not collected 
by nanoscale transistors. The drawback, however, is that in high-density 
integrated circuits transistors are very close together, and a single ion track 
can generate charges in two neighbouring transistors, inducing multiple-bit 
upset (MBU). This ion track effect was already observed in partially 
depleted devices. This is shown in Fig. 6.13 which shows the gain 
measured in partially depleted NMOS transistors processed with three 
different SOI technologies (0.25pm, 130nm and 70nm). For each 
technology, the gain is calculated from the ratio of the charge collected in 
a short gate length transistor compared to that collected in a long gate 
length transistor. 

An example of gain extraction is given in Fig. 6.13a for the 70-nm 
technology. The right axis displays the statistics of measured transients 
versus the collected charge for two SOI NMOS transistors of the 70 nm 
PD SOI technology, with a gate length of 70 nm and 10 pm respectively. 
The longer-gate length transistor (10 pm) does not exhibit bipolar 
amplification, while the nominal gate-length transistor (70 pm) is assumed 
to have the maximum gain that can be observed with the technology. The 
bipolar gain is then calculated as the ratio of the respective collected 
charges. The bipolar gain is close to 1 for low values of collected charge, 
i.e. no bipolar amplification is observed when the ion hits in less sensitive 
area such as the vicinity of the source.[38] The bipolar gain reaches its 
maximum value (of ~ 2) when the ion hits the device at its most sensitive 
area, the body region close to the drain junction. 

Fig. 6.13b compares the bipolar amplification measured in three SOI PD 
devices for a medium energy ion, ( 4s Ca, 6.2 MeV/a) in full symbols. As 
expected from the statistic nature of the ion strike position, a distribution 
of bipolar gain is also observed for all three SOI devices. Indeed, 
depending on the ion strike location, bipolar amplification and charge 
collection efficiencies vary greatly. The highest value of the bipolar gain, 
representative of ion strikes near the drain junction of the device, is shown 
to significantly decrease with device scaling. This effect of the track 
radius was predicted [39,40], and recent numerical simulations showed the 
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same trend in SOI technology scaling.[35] However, these results are the 
first experimental evidence of the effect of technology scaling for a given 
ion track. 



Fig. 6.13. (a) Statistics of the measured drain collected charge for 70 nm or 10 pm gate 
length SOI NMOS transistors, processed with a partially depleted 70 nm technology. The 
bipolar amplification (gain, right axis) of the 70 nm gate length device is plotted versus its 
collected charge, (b) Bipolar amplification measured in 0.25-pm, 130-nm and 70-nm gate 
length partially depleted SOI transistors. The floating-body transistors were irradiated with 
either medium energy ions (6.25-MeV/a 48 Ca, LET ~ 15 MeV-cm 2 /mg) in hill symbols and 
high energy ions (70 MeV/a 7S Kr ion LET ~ 10 MeV/(mg.cm 2 )) in open symbols.[41] 

The same experiment was also conducted with a higher energy ion 
( 78 Kr, 70 MeV/a, instead of 4S Ca, 6.2 MeV/a) with a close value of LET 
(10 instead of 15 MeV cm 2 /mg). Data for 70 nm devices are plotted with 
open squares in Fig. 6.13b. Clearly, no bipolar gain is now observed 
(maximum gain ~ 1) when this device is struck by an ion of higher energy, 
and the gain distribution even decreasess below unity. This result can be 
explained by the fact that the high-energy ion track radius is probably 
larger than that of an ion with same LET, but much lower energy. For a 
very short gate length device (such as this 70 nm PDSOI), the channel 
becomes then actually narrower than the ion track itself. Part of the ion¬ 
generated charge is therefore deposited outside of the sensitive area, in 
highly doped or insulating regions where it cannot be collected. For 
devices with longer gate length (130 nm, 0.25 pm), the effect is not as 
clearly visible, which means that the energy of ions should be taken into 
account only for technology generations below 100-nm. 

Beyond geometry considerations resulting from the comparison of the 
ion track and the transistor dimensions, the electrical response of nanoscale 
transistors is also modified because of the shape of the ion track. In Ref. 
[42], device simulations were conducted in 45-nm Double-Gate transistors 
irradiated with a gaussian-shape ion track in normal incidence striking in 
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the middle of the gate. Different LETs were simulated with the same ion 
track characteristic radius (Gaussian sigma 14 nm). Fig. 6.14 shows the 
charge density in the ion track, from the middle of the gate to the drain 
region. It also shows the electric field with a peak at the drain junction. 
The electric field peak magnitude is high for low ion LETs (Fig. 6.14a), 
but collapses completely for high LETs (Fig. 6.14b) when the ion 
generated charge density at the drain junction reaches the drain doping 
concentration (approximately 10 20 cm' 3 ). Because of the electric field 
collapse, the impact ionization at the body-drain junction also considerably 
decreases and does no longer contribute to the parasitic bipolar 
amplification. 
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Fig. 6.14. Device simulation a Double-Gate 45-nm gate length NMOS transistor 
irradiated in normal incidence by an ion striking in the middle of the gate (at 
x = 0 pm) at low (a) and high LET (b). The electric field (left axis) and the ion 
track profile (right axis) are plotted for a cut in the silicon body in the gate to drain 
direction. The drain junction is located atx=22.5 nm.[42] 
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Two features are required to observe this particular behavior: the track 
diameter needs to be large enough compared to the transistor gate length in 
order to create a conduction path between the source and the drain, and the 
charge generated needs to be large enough to collapse the electric field at 
the body-to-drain junction. The result of the electric field collapse is that 
the bipolar gain decreases from 2 at 1 MeV cm 2 /mg to 1 at 
10 MeV cm 2 /mg. At higher LET, the deposited charge is collected without 
amplification. 

Another effect that must be taken into account in very thin film 
transistors is fluctuations in the energy deposition.[39, 40] Two ions with 
the same energy traveling the same path length in a thin silicon film will 
not create exactly the same number of electron-hole pairs. This is primarily 
due to collision statistics (i.e. energy-loss straggling) of the incident ion 
with the surrounding silicon. In very thin silicon layers (10 nm and below), 
there are only few interactions creating energetic electrons (called 8-rays) 
which generate electron-hole pairs. For a 78 Kr ion at lOMeV/amu (LET 
30 MeV cm 2 /mg) commonly used for device testing, the straggling effect 
in lOnm thin silicon layers is close to 15%. This uncertainty in the 
deposited charge increases for lighter ions and thinner silicon films. The 
main effect for nanoscale devices will be some fluctuations in their single¬ 
event response, both during testing and their lifetime in radiation 
environment. 

6.3.3 Transient measurements on single-gate and FinFET 

SOI transistors 

The first transient signals measured on 50-nm fully depleted SOI 
transistors were obtained using a pulsed laser and a high frequency (50- 
GHz) measurement set-up.[43] The laser setup delivers optical pulses 
centered at 590-nm (2.1 eV) with a pulse duration of 1-ps and a 12 kHz 
repetition rate.[44-46] The laser beam is focused with a xl00 microscope 
objective resulting in a 1.1-pm Gaussian spot on the irradiated device. The 
transistor is irradiated in the OFF-state at a constant voltage of 1 V through 
a bias-T, and the transient signal is recorded on a 20-GHz sampling scope. 
The principle behind sampling scope operation is the following: recorded 
transients are formed by averaging multiple (typically 4000) single-strike 
transients measured at the laser repetition rate. Such measurement method 
is possible using a laser setup which benefits from very stable character¬ 
istics (hit location, repetition rate and laser pulse energy). Large-bandwidth 
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measurements can then be achieved, which helps detecting small signals 
with a high sensitivity. 

Fig. 6.15a shows the transient signals obtained on 50-nm single-gate 
fully depleted transistors, with or without body contacts, at a pulse energy 
of 80 pj. The main feature of these signals is that they are particularly 
short, about 35 ps at half maximum width and less than 70 ps at the signal 
base (10% of the peak). The 10-90% rise time is 18 ps, which indicates 
that the signal measurement is limited by the oscilloscope 20-GFlz 
bandwidth. It is thus most likely that the actual transients are shorter than 
the signals measured on the scope. The total transient current duration of 
these 50nm fully depleted SOI devices (<70 ps) is much shorter than that 
of partially depleted 50-nm and 0.25 pm SOI transistors which display a 
significant transient tail (floating-body effect) resulting in a long signal 
base duration (280 ps and 170 ps, respectively).[43, 47] Further transient 
measurements were achieved two years later [48] with an improved system 
bandwidth, and signal FWHM of 25 ps (instead of 35 ps) were measured 
on the same single-gate fully depleted technology. 


a) b) 



Fig. 6.15. (a) Transient drain current obtained on 50-nm fully depleted SOI 
transistors irradiated by a lps-pulse focused laser beam with a laser pulse energy 
(laser PE) of 80pJ. The tested transistors have either a floating body or body 
contacts. Transistors are irradiated in the OFF-state, with the drain biased at the 
nominal supply voltage, IV; all other electrodes are grounded, (b) Collected 
charge measured on three types of SOI NMOS transistors processed using 
different technologies as a function of laser pulse energy. The transistors have a 
floating body (open symbols), except one of them labeled “50 nm FD SOI with 
body contacts” (full symbols).[43] 

This short transient duration in single-gate FD SOI devices is 
particularly interesting for SET hardening. Hardening methods are often 
based on delay elements with a typical delay time of about 1 ns in bulk 
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devices.[49] With the 50-nm SOI technology, a delay time of 70 ps would 
be enough to ensure the hardening of the designs. 

The second important point is that the floating body transistor delivers a 
larger signal than the transistor with external body contacts. Contrarily to 
the signal width and amplitude, the collected charge does not depend on 
the system bandwidth. It can be measured by integrating the transient 
current, and it represents an intrinsic characteristic of the transistor 
response. A parasitic bipolar gain of 6 is calculated from the charge ratio 
between the two transistors. The presence of body contacts on these fully 
depleted single-gate transistors is very efficient to reduce the signal 
amplitude. Even if the silicon film is thin (11 nm), the body doping is very 
low (nearly intrinsic) and the generated charges easily diffuse over several 
micrometers, from the laser spot to the body contacts. 

Fig. 6.15b shows the collected charge at a function of the laser pulse 
energy for the 50-nm single-gate fully depleted transistors (with and 
without body contacts), and compares it to the charge collected in 0.25 pm 
and 50 nm partially depleted SOI transistors. The charge collected in the 
fully depleted transistor is much lower than that of partially depleted 
devices, mainly because of the thinner silicon film and then the smaller 
body volume. The thin and small body volume in fully depleted devices is 
the key parameter to fast response and reduced collected charge. 

The transient response of fully depleted single-gate transistors was also 
measured under heavy-ion irradiation. Fig. 6.16a shows three examples of 
transient currents chosen among the worst-case strike positions. Contrarily 
to laser-induced transients measured with a sampling scope, the heavy ion 
measurements were achieved with a high-performance single-shot 
oscilloscope (12-GHz bandwidth). The reason is that, depending on the ion 
strike location, the transient amplitude and shape can be very different. 
Furthermore, a high number of ion strikes would be necessary to get an 
averaged transient with a sampling scope, which is difficult to get in a 
reasonable irradiation time for such small dimension transistors. The 
measurement bandwidth is then lower than for laser measurements, but ion 
irradiation is necessary to quantify the transistor response in a space 
environment. 

The measured transistors have a 100-nm gate length, and are processed 
with the same 50-nm single-gate fully depleted technology as those used 
for laser experiments. They were irradiated with lOMeV/amu 78 Kr beam 
(FET 30 MeV cm 2 /mg). The transistors had to be tilted at 60° to increase 
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the deposited charge (by a factor of 2) and get a measurable signal. At 0°, 
no signal could be measured. Transistors with body contacts (and no 
bipolar amplification) could not be measured either, even at 60°, because 
the signal amplitude was too small to be detected by the single-shot scope. 
The transients in Fig. 6.16a have a very short duration (55-ps FWHM, 100- 
ps base width) and do not exhibit any tail, meaning that no floating body 
effect is measurable at this time scale, which is consistent with laser 
irradiation. A negative rebound is even observed following the positive 
current transient because of the limited bandwidth and a possible 
impedance mismatch in the transistor packaging. 

The charge generated in the silicon film is calculated from the heavy ion 
LET (30 MeVcm 2 /mg) and the silicon film thickness (t S i = 11 nm). At an 
incidence of 9= 60°, the ion path length in the silicon film is cos 9 x t si 
= 22 nm and the generated charge is 6.6 fC. The ion straggling effect 
(deposited charge uncertainty) is approximately 10-15% [8, 39], which is 
still acceptable in our experimental conditions. In the same way, the ion 
track density profile induces some variations of the deposited energy 
which are estimated at 25% of the average deposited charge. This will 
have important incidence in the radiation response of complex circuits. 
However, for the worst-case response of our irradiated transistor, the ion 
hits well in the middle of the transistor and the deposited charge is close to 
its maximum value (6.6-fC) as calculated before from the ion LET. 


a) b) 



Fig. 6.16. Transient current (a) and charge (b) measured for the worst-case strikes 
in the 10 nm gate length floating-body fully depleted SOI transistor. The transistor 
was irradiated with a lOMeV/amu 78 Kr beam (LET 30 MeV cnf/mg) with an 
angle of incidence of 60°. [50] 
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As for laser transients, the collected charge is an intrinsic data of the 
transistor response. Fig. 6.16b shows the charge versus time obtained by 
integration of the transient current. The parasitic bipolar gain can be 
calculated by the ratio of the collected charge (18 fC) on the maximum 
deposited charge (6.6 fC). Once again, we consider only the worst-case 
deposited and collected charges. The gain is found to be 2.7 for these 100- 
nm gate length floating-body FD transistors. This gain value is consistent 
with the gain of 6.6 found with pulsed laser irradiation performed on the 
shorter gate length (50-nm) transistors fabricated in the same 
technology. [43] The bipolar gain has an inverse gate length (1/L) behavior 
[36,51] which brings about a reduction of the bipolar gain as gate length 
decreases. 

FinFET transistors irradiated with the same heavy ion beam ( 78 Kr, 
lOMeV/amu, LET = 30 MeV cm 2 /mg), delivers a larger transient signal 
than single-gate transistors (Fig. 6.17a). FinFETs were irradiated in normal 
incidence, and the signal could be measured without tilting the device as 
was necessary for single-gate transistors. The signal amplitude and the 
transient width are larger (FWF1M 70ps) than that for single-gate 
transistors. A tail can be detected on the drain transient, especially for the 
shorter-gate length transistor (60 nm). This current tail has an obvious 
effect on the collected charge. Contrary to the single-gate transistor which 
shows charge saturation at 0.2 ns, the charge continues to increase in the 
FinFETs up to 1 ns for the shortest-gate device. The effect is less obvious, 
but still present, in the longest gate transistor (100 nm). 

The transient tail is due to a more pronounced floating-body effect in the 
tested FinFET than in the single-gate fully depleted transistors. The 
collected charge at 0.2 ns due to the prompt component is higher (about 
twice if we compare the 100 nm gate length transistors), and the charge 
still increases up to 0.6-lns. The silicon volume in the tested FinFET is 
thicker and larger (silicon film thickness 25 nm, fin width 50 nm) than for 
the single-gate transistor (silicon film thickness 11 nm). A higher amount 
of charge is then deposited in the FinFET body, and this deposited charge 
is slower to evacuate before the Q-shape gate recovers the potential control 
in the silicon body. Moreover, for the tested FinFETs, the active transistor 
(gate length, silicon film) has been scaled to the dimensions of a 50 nm 
generation technology, except for the low-doped source and drain regions 
(150 nm) because of layout and process constraints at this research stage. 
The large resistive access region to the active transistor induces a “de¬ 
biasing” effect under irradiation when a large current flows between the 
source and drain contacts. On the other hand, the single-gate transistors 
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benefit from a fully-scaled, high-performance technology with narrow 
low-doped source and drain regions of only 30 nm. 

The observed differences on these two technologies show that the key 
parameter for a hardened architecture is first to reduce the silicon volume. 
Despite the single-gate architecture, which does not ensure the same body 
control as for a multi-gate technology, the smaller body volume induces a 
reduced transient response, i.e. lower collected charge and very short 
transient duration. A second point that has to be mentioned is that during 
its evolution from research to production, technology architectures are 
optimized and their response under irradiation can change significantly. 


a) b) 



Fig. 6.17. Transient current (a) and charge (b) measured for the worst-case strikes 
in the 60 nm and 100 nm gate length FinFET transistors. The transistors were 
irradiated with a lOMeV/amu 78 Kr beam (LET 30 MeV cm 2 /mg) at normal 
incidence (0°). 

In order to study the influence of the gate architecture on the transient 
response, it is important to compare devices with the same body 
dimensions. This was done by simulation in Fig. 6.18 for 32 nm gate 
length NMOS transistors with double-date, triple-gate, Q-Gate, and 
surrounding-gate architectures. [52] The transistors have the same 
rectangular intrinsic body region (32 nm* 10 nmx ] () nm) and abrupt source 
and drain junctions. Fig. 6.18 shows that, when the equivalent number of 
gates increases (from double-gate to surrounding-gate), the amplitude of 
the transient response is reduced. This behavior is consistent with a better 
body control for a higher number of gates as already observed with static 
sub-threshold and OFF-state current. These simulations also confirm that 
the higher collected charge measured on irradiated FinFET transistors is 
only due to the larger silicon volume, and not to the gate architecture. 
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The same simulations were performed by taking into account the 
quantum confinement of carriers using the Density-Gradient model.[53] 
The quantum effect in very thin body volume also contributes to decrease 
the transient current, again consistently with static characteristics. In the 
performed simulations, the transient response is very short, on the order of 
10 ps, with a limited transient tail, which suggests that the body potential is 
efficiently controlled in these very thin SOI devices. 


a) b) 



Fig. 6.18. Drain current transients induced by an ion strike at normal incidence in 
the middle of the silicon film. The ion track generation has a time gaussian shape 
centered at lOps (sigma 2ps) and a spatial track radius of 14 nm. The current is 
calculated in both classical and quantum cases, a) Classical simulations; b) 
classical and quantum simulations.[52] 


6.3.4 Scaling effects 

In order to evaluate the sensitivity of future 50nm SOI devices, mixed¬ 
mode simulations were performed for both an SRAM cell and on inverter 
chains.[54] The simulated devices are the 50 nm single-gate fully depleted 
MOSFETs. These devices are representative of the technologies that will 
be in production within a short future, and device simulations could be 
validated by transient measurements on single transistors. The transistors 
are of the floating-body type (without body contacts). The struck transistor 
is described in 3D and the others are simulated in 2D (with a width scaling 
factor) to get an accurate response of the device under irradiation. 

Fig. 6.19a shows the threshold LET for SEU and SET effects in the 
50 nm SOI technology. Our results are compared to previous simulations 
showing the impact of generation scaling on bulk and partially depleted 
SOI with body contacts.[35] The first interesting point is that the threshold 
LET for SEU and SET have similar values for the 50 nm generation, 
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meaning that logic inverter chains are becoming potentially as sensitive to 
single-event effects as SRAM cells. Secondly, the very thin-film, 50 nm 
technology compares favourably to partially depleted SOL The 50 nm 
threshold LET for both SEU and SET is equal to 2 MeVcm 2 /mg and does 
not experience a drastic decrease compared to the 0.1 pm threshold LET. 
Even though our 50 nm transistors have a floating body (with parasitic 
bipolar amplification), the very thin film is about ten times thinner than for 
partially depleted, which is an obvious advantage for radiation 
hardness.[55] The 50 nm critical charge is low, but the generated charge in 
the thin sensitive volume is also very small. 

In Fig. 6.19b, the minimum width of voltage transients propagating in 
inverter chains is plotted as a function of technology generation. This 
critical transient width is an important parameter for SET hardening 
techniques based on temporal filtering. Shorter transients can be more 
easily filtered than large transients. The minimum transient width has been 
found at 15 ps by mixed-mode simulation in the 50 nm SOI technology. 
The simulations confirm the measurements on single 50-nm generation 
transistors, which produce the shortest transients ever observed. The very 
thin-film SOI architecture is then an interesting architecture for single¬ 
event effects reduction. 



Fig. 6.19. Left: Simulated SET threshold LET for unattenuated transient 
propagation and SEU threshold LET as a function of scaling for SOI CMOS 
technologies.[35] Right: Critical transient width for unattenuated propagation as a 
function of technology scaling. Our results (red points) are superimposed on 
circuit simulations from [56] and mixed-mode simulations from [57]. 
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7.1 Introduction 

For a circuit designer the Multi-Gate MOSFET (MuGFET) is a 
disruptive device architecture because the third dimension is explicitly 
exploited to reduce short-channel effects and to limit the increase of 
leakage currents in CMOS technologies beyond the 45nm node. Moreover, 
new gate-stack materials are introduced to fabricate enhancement-type 
nFET and pFET devices, which is a prerequisite for digital and analog 
CMOS circuit design. In this chapter we will therefore analyze the current 
achievements in MuGFET device technology in regard to various, circuit¬ 
relevant figures of merit, specific layout and design aspects, as well as the 
requirements for a future CMOS technology platform to provide System- 
on-a-Chip (SoC) integration capability. 

The basic idea behind this chapter is to describe the interrelationship 
between the MuGFET device properties and elementary digital and analog 
circuits, such as CMOS logic gates, SRAM cells, reference circuits, 
operational amplifiers, and mixed-signal building blocks. This approach is 
motivated by the observation that a cost-efficient, heterogeneous SoC 
integration is a key factor in modem 1C design. Typical examples are 
GSM/EDGE baseband processors for cellular phones [1], low-power 
multimedia processors [2] and ultra-low-power IC’s for wireless sensor 
networks and ambient intelligent applications.[3] From a technical point of 
view, common feature of these SoC applications is that they are all 
operated in an active and leakage power-limited environment. The 
prospect that MuGFET devices offer reduced leakage currents and 
improved low-voltage performance compared to planar bulk devices on the 
one hand and the challenges caused when leaving the evolutionary scaling 
path of planar CMOS on the other hand motivates an early circuit 
investigation in close cooperation with technology development. 



294 Gerhard Knoblinger, Michael Fulde and Christian Pacha 


7.2 Digital Circuit Design 

Along with the introduction of sub-lOOnm technology nodes a 
significant change of digital circuit design paradigms can be observed. The 
rapidly increasing subthreshold and gate leakage currents result in nearly 
constant threshold voltages on the order of V T sat= 300-400mV and a slow¬ 
down of gate oxide thickness reduction for logic core devices in low- 
power technologies. Performance gains of 30%-50% due to pure 
technology shrinking as achieved in technology nodes above the 130nm 
node are no longer feasible. This has initiated the recent introduction of 
various strain techniques for mobility increase into planar CMOS 
technologies.[4-5] For the same reason, high-k/metal gate stacks are 
investigated. [6] However, the reduction of supply voltages, when 
introducing a new low power CMOS technology generation beyond the 
90nm generation, seems to be limited to about lOOmV compared to the 
previous node to facilitate at least a moderate increase of dynamic 
performance of 10-15%. 

Dynamic voltage scaling, a well-established circuit technique to adapt 
active power and performance to temporal varying system performance 
requirements, becomes less efficient in terms of energy reduction since the 
operating windows of supply voltages is reduced to V DD =1.0 and 1.4V.[1- 
2] Dimension scaling of about x0.7 per minimum feature size and increase 
of transistor density close to x2 per generation is, therefore, the only 
remaining parameter that continues the ideal scaling trend of previous 
years. In regard to MuGFET technology, this puts an intense pressure on 
lithography and etching to print circuit-relevant multi-fin device 
configurations with an area efficiency comparable or even better than 
planar bulk CMOS. In addition to the three-dimensional device 
architecture a further challenge results from novel gate stack materials. In 
this section we will, therefore, discuss the basic device figures of merit and 
design issues for digital circuits and SRAMs. Experimental results of 
prototype circuits fabricated with relaxed 130nm and 65nm dimensions are 
presented and analyzed in regard to large scaling integrated circuit 
performance, low-power design and SoC compatibility. 

7.2.1 Impact of device performance on digital circuit design 

For analog and digital circuit design the fabrication of nFET and pFET 
enhancement type multi-fin MuGFET devices (Fig. 7.1) is a key 
requirement to be provided by the technology. Enhancement-type devices, 
i.e. nFET transistors with positive threshold voltages and pFET transistors 
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with negative threshold voltages, are required to build a CMOS logic 
family with input and output voltage compatibility. Thus, the output 
signals of a logic gate, usually V DD and V S s, can be directly used to switch 
on and off the transistors of the subsequent circuit stage without 
introducing a level shifter. 



Fig. 7.1. Cross section of a multi-fin MuGFET and SEM picture of a 4-fin nFET. 
Copyright© 2006 IEEE. 
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Fig. 7.2. Overview of gate workfunction requirements for planar bulk CMOS, low 
power MuGFET, and high performance MuGFET technologies. Copyright© 2006 


IEEE. 


In planar CMOS technology, nFET and pFET devices are implemented 
using n-type and p-type doped poly-Si. Here, the dual n + /p + gate work 
functions align with the conduction and valence band edges so that 
threshold voltages of planar nFET and pFET devices are defined by 
channel and halo doping. However, for MuGFETs the situation is 
different, since channel doping for V T adjustment is not a viable solution 
for very thin fins, and therefore, metal gates with appropriate work 
functions are the first choice. Considering typical industrial requirements 
to provide low power CMOS compatible devices with threshold voltages 
around 300-400mV, gate electrode materials with midgap metal gate 
workfunction are required. Typical candidates are TiN or TiSiN (Fig. 7.2). 
In contrast to this, high performance CMOS technologies typically contain 
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CMOS devices with lower threshold voltages of 200mV, which can be in 
principle provided by appropriate gate workfiinction tuning. 

Table 7.1. Projection of MuGFET device dimensions for Low-Standby-Power 
technologies. 



65nm 

45nm 

32nm 

22nm 

16nm 

L g [nm] 

55-50 

45-38 

35-30 

25-22 

18-16 

W fm =L g / 1.5 [nm] 

36-33 

30-25 

23-20 

16-14 

12-10 

Hfin = 2 W F in [nm] 

72-66 

60-50 

46-40 

32-28 

24-20 

Weff [nm] TriGate 

180-165 

150-125 

115-100 

80-70 

60-50 

Weff [nm] FinFET 

144-132 

120-100 

92-80 

64-56 

48-40 


From the viewpoint of practical circuit design, the opportunity to adapt 
the driving strength of a transistor in a special circuit topology is of key 
relevance. While this is simply done by varying the transistor width W in 
planar bulk or SOI technology, MuGFET technology only allows a 
modification of multi-fin device structures in discrete steps by adding or 
removing one or several fins. Fig. 7.1 shows such a multi-fin device 
structure with the fin pitch P FIN as essential figure of merit for the 
integration density. In regard to electrostatic integrity of the device thin 
fins following the rule of thumb of L G (min)> 1.5 W FIN are mandatory. 
Considering that fin aspect ratios of H FIN /W FIN =2 are manufacturable, this 
results in small fin pitch requirements of about P FFF j= 100nm< W EFF for a 
32nm Low Standby Power CMOS technology in order to achieve equal or 
better transistor density than planar CMOS technology (Table 7.1). Here, 
W EFF is the effective transistor width of a TriGate or MuGFET device, 
respectively, while the fin pitch P FIN is equivalent to the silicon ground 
area consumption. At the device level, a 120nm fin pitch has been 
demonstrated. [14] 

Considerations on the fin sidewall orientations as well as the impact of 
the gate oxide thickness are described in more detail in Section 1.5. The 
device dimensions in Table 7.1 also show that the minimum effective 
transistor width to gate length ratio is on the order of W EFF /L G =3.2 for 
TriGate devices and W EFF /L G = 2.7 for MuGFETs. While this lower limit of 
transistor width discretization is no major issue for analog and digital 
design, SRAM design needs a certain attention to achieve sufficient read 
and write stability. 
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Table 7.2. Basic MuGFET device parameters. Copyright© 2007 IEEE. 


Gate material/dielectric 

5nm TiN midgap metal on HfSiON 

Gate lengths 

L g = 55nm and 75 nm (complex circuits) 

Fin widths, height 

Wfin = 30 nm, H FIN = 60 nm 

Transistor width per fin 

Weff = 2 ■ H| [\ + Wfin ~ 150 nm 

Threshold voltages 

V tsatn = V tsatp = 3 3 0mV 

On currents (n/pFET) 

I ON =404/317|iA/|imat V DD =1V 

Off currents (n/pFET) 

I OFF =25/36 pA/pm at V D d = 1V 

Drain-induced Barrier lowering 

DIBL=15mV/V 

Subthreshold slope 

S=63mV/decade 


Most of the circuits in this chapter are fabricated in a low-power 
compatible MuGFET technology with focus on small leakage currents. 
Main device parameters and the corresponding transistor Id-Vgs input 
characteristics are shown in Tables 7.2 and Fig. 7.3.[7] Both, nFET and 
pFET devices have symmetric threshold voltages, ideal subthreshold slope 
of iS’=63mV/dcc and an excellent low drain-induced barrier lowering 
(D1BL) of 15mV/V. Due to the (110) sidewall orientation, high hole 
mobilities are achieved resulting in large pFET on currents of about 78% 
of nFET currents. This device property is particularly beneficial since 
CMOS logic becomes more symmetric in terms of nFET/pFET drive 
currents. 

In regard to circuit performance, it is interesting to analyze the device 
switching behavior. This is illustrated for the relevant operating regions of 
digital circuits in the Id-Vds characteristics of an n-type MuGFET and a 
planar nFET in Fig. 7.4 and in Table 7.3. For same off-currents and gate 
length, the better short-channel effect control, i.e. a smaller DIBL and 
steeper subthreshold slope, of MuGFETs causes larger switching currents 
in the four operating regions and hence a better circuit speed. While DIBL 
and subthreshold slope are usually assessed in regard to leakage current, 
these results show their relevance for performance, especially in transistor 
stack configurations (regions III and IV). Note that these intrinsic 
advantages of MuGFETs become not visible if a simple CV11 0 n delay 
metrics is used for device performance evaluation. 
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Fig. 7.3. Id-Vgs characteristics of MuGFETs with symmetrical nFET/pFET V T ’s. 
Copyright© 2007 IEEE. 



Fig. 7.4. Normalized drain currents of 65nm planar bulk and MuGFET nFETs 
with comparable channel length and off-currents (a) and illustration of relevant 
regions for inverter and NAND circuit operation (b) Copyright© 2007 IEEE. 


Dynamic circuit performance is explored using simple CMOS inverter 
based ring oscillators. Fig. 7.5 shows the evolution of the trade-off 
between performance and leakage currents for various MuGFET CMOS 
technologies. [8] The starting point is CMOS MuGFET circuits fabricated 
using a conventional n/p-type Poly-Si Gate process with 70nm gate length 
and 50nm fin width. Obviously, the circuits are too slow and even leakage 
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current exceeds typical the Low-Standby-Power Technology requirements 
of 0.1-lnA/stage. 

Table 7.3. Relevant operating regions of digital circuits and impact of MuGFET 
device properties on performance. 


Region 

Circuit Topology 

MuGFET Feature 

Performance Impact 

I. 

Inverter, V IN < V DD I2 

Steeper Subthreshold 
slope 

Larger initial gate 
overdrive 

II. 

Inverter switching point: 

Vin = Vout = V dd I2 

Lower DIBL, larger 
effective drive current 

Faster gate delay 

III. 

Inverter: V out <0A V DD 
Stacked bottom devices 

Larger linear current due 
to lower V TLIN 

Faster output slope 
Lower source resistance 

IV. 

Stacked top device: V 0 ut~ 
V dd !2, Vs> 0V 

Larger drive current 

Faster stack delays 
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Fig. 7.5. Evolution of INV-FOl inverter delay and leakage current for different 
MuGFET technology options starting from doped FinFET devices with n+/p+ 
Poly-Si gates to Triple Gate FETs with various single midgap metal gate options. 
Copyright© 2007 IEEE. 

The introduction of a metal gate process together with the Triple-Gate 
device topology improves the nFET on-current by 50%. This reduces the 
leakage current by x80 and the inverter delay to 28ps. However, the non- 
symmetrical work function of the TiN metal gate in these first working 
metal-gate MuGFET CMOS circuits results in a large threshold voltage of 
-600mV and limits pFET-dependent 0-1 logic transitions. In subsequent 
optimization steps, competitive digital performance of 13-15ps inverter 
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delays has been achieved by providing symmetric nFET and pFET 
threshold voltages of F7=300-350mV.[7,9] Flere, gate lengths are 
comparable to 90nm and 65nm low-power CMOS technologies. Circuit 
performance of better than lOps per stage is achievable for shorter gate 
length (40nm to 45nm) at the price of a dramatic increase in leakage 
current, since the fin widths are not been scaled down to the 25nm-20nm 
regime. Therefore, short-channel effect control is degraded. 

The scaling of MuGFET circuit performance can be predicted using the 
semi-empirical Alpha-power MOS model.[10] Fig. 7.6 shows that 
MuGFETs can meet 32nm technology node requirements by scaling the 
gate length and fin width, adding conventional gate nitridation and by 
applying strain techniques.[11-12] Extrapolating existing ring oscillator 
delay of 15ps at V DD =W, this study indicates the feasibility of sub-1 Ops 
1NV-F01 delays. When scaling down MuGFET device dimensions it is 
assumed that electrostatic device integrity is not degraded, i.e. L G /W FIN =2. 


FOl Delay: Alpha Power MOS Model 
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Fig. 7.6. Gate-delay scaling study for 32nm Low Standby Power Technology 
based on MuGFET performance of 15ps at IV and Alpha-Power MOS model. 
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Besides pure digital inverter performance, an essential step for 
MuGFET circuit design is the demonstration of full CMOS logic 
functionality. Therefore, Fig. 7.7 shows the gate delays of various ring 
oscillators composed of NAND and NOR gates with different fan-ins.[13] 
All ring oscillator stages have a fan-out of 2. This measurement is a key 
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step towards large-scale digital circuits. Typical static CMOS logic 
behavior is observed since the gate delay increases for larger fan-in, i.e. the 
inverter is faster than the NAND2 and NAND3 gates with stacked 
transistor configurations. 



Fig. 7.7. Demonstration of full CMOS logic functionality for doped MuGFET 
devices with n + /p + Poly-Si gates, ring oscillator stages with a fan-out FO=2. 
Copyright© 2006 IEEE. 

The additional dynamic performance benefit of MuGFETs results from 
excellent stacked device performance and is already illustrated for the I D - 
V DS output characteristics in Fig. 7.3. A detailed comparison of NANDs and 
NORs delays with different stack heights (fan-in) of for metal gate based 
MuGFETs is shown in Fig. 7.8a. The delay penalty of complex CMOS 
gates is significantly lower than for typical 130 and 65nm CMOS 
technologies (Fig. 7.8b). As a result, the delay penalty of a MuGFET 
NAND5 is lower than for a NAND3 in 65nm bulk CMOS. 

Three effects explain this major advantage of MuGFETs with good 
SCE’s (Fig. 7.8c): Firstly, near ideal subthreshold slope allows for lower 
Vt s at constant I 0 ff- The gate overdrive V DD -V T is increased and the drain 
current I D at V GS <V DD rises disproportional to I ON at V G s=V DD . Secondly, a 
low D1BL effect is beneficial for I D at reduced drain-source voltage Vos- 
Since the effective V G s and Vdss are significantly lower in NAND/NOR 
gates than in inverters a device with lower DIBL and high linear current 
Idlin results in better stack performance. Thirdly, the removal of the auto¬ 
reverse biasing with SOI technologies yields in higher stack performance. 
Flowever, due to small body effects in sub-1 OOnm technologies latter effect 
has minor impact. Due to the performance loss caused by high fan-ins, 
logic gates with more than 4 nFETs or 3 pFETs are typically not used in 
sub-1 OOnm bulk technologies. Since higher fan-ins can be used with 
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MuGFETs, the same functionality can be implemented with less logic 
gates, resulting in an additional area reduction in more complex circuits. 
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Fig. 7.8. Stage delays of complex MuGFET CMOS gates (a) and comparison of 
average stage delays to planar CMOS gates (b) for increasing fan-in. MuGFETs 
are based on single-midgap metal gate with symmetric threshold voltages. A 
snapshot of a NAND3 operation during the rising input transition is shown in (c). 
Copyright© 2007 IEEE. 

7.2.2 Large-scale digital circuits 

After exploring simple ring oscillator circuits with a complexity of about 
300-500 devices, the next step is the demonstration of large-scale 
integration capability using more product-typical circuits. This also offers 
the opportunity to assess low voltage behavior and low power design 
techniques, which play a significant role in today’s circuit design. The 
assumption is that, despite of the excellent short channel behavior of 
MuGFETs, today’s power reduction techniques, such as clock gating, 
mixed-V T design, and combined voltage and frequency scaling will still be 
required in future MuGFET CMOS circuits to meet low power product 
requirements. Therefore, there is need to investigate the efficiency of these 
low power techniques for MuGFET circuits. 
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To close the gap between simple ring oscillators and complex digital 
CMOS circuits such as microprocessor or DSP cores, a digital test macro 
composed of product-representative 4-stage pipeline structures and 10k 
devices was fabricated.[8] Fig. 7.9 shows the schematic of an inline 
measurable 4-stage pipeline in a loop structure, which is composed of 20 
stages of CMOS logic between set/reset capable edge-triggered master- 
slave flip-flops (FF). Logic depth, functionality, and gate loads are chosen 
to replicate the critical paths of low power microprocessor cores in a 
generic way. The external clock signal is buffered and distributed by a 
small clock tree within the circuit. Basic idea behind this test structure is to 
detect the maximum clock frequency by generating a setup time violation at 
one of the FFs if the clock period is smaller than 


= t, 


CLK-Q 


+ t 


su 


20 

I'. 


/=1 


(7.1) 


With t clk-q, tsu, and t, being FF clock-Q delay, setup time, and logic gate 
delay, this is achieved by resetting FF2-FF4 to logic-0 and inserting a logic- 
1 into FF 1 via the start signal. On the rising clock edge, the inserted logic-1 
starts to circulate within the loop and indicates correct pipeline 
functionality. Therefore, the whole pipeline is operated in a ring-oscillator 
mode at /clk! 4. This is observed by monitoring the outputs QO and CLKO 
on an oscilloscope. A setup time violation prevents the sampling of the 
circulating logic-1 at the receiving FF. This immediately interrupts the 
oscillation so that the failure point can be detected by a constant QO signal. 
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Fig. 7.9. Large-scale MuGFET circuit demonstrator (a) composed of a four stage 
pipeline configuration. Three different paths are implemented with loaded 
NAND3/NOR3, NAND3/IN, 1NV/NOR3 (b) functionalities. Copyright© 2007 
IEEE. 
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The complete test macro comprises three types of pipeline structures 
with 10 cascaded NAND3/NOR3, NAND3/INV, and INV/NOR3 logic 
stages. Fig. 7.10 shows SEM pictures of the NAND3/NOR3 stage. 
Together with clock buffers, frequency dividers, and I/O-drivers a path 
structure contains about 3500 devices and results in an overall complexity 
of about 10k devices for the whole macro. For early circuit exploration in 
new CMOS technologies, the proposed test macro is particularly useful 
due to its simplicity and capability to characterize performance and power 
dissipation. The test macro is fabricated using the low power MuGFET 
process described in Table 7.2. 



Fig. 7.10. SEM photograph of the NAND3/NOR3 combination. Copyright© 2007 
IEEE. 


Fig. 7.11 shows the measured clock frequencies of the three paths for 
supply voltages down to the subthreshold region at V DD = 0.3V. Clock 
frequencies of fcLK= 370MFlz for the NAND3/NOR3 path, followed by 
fcLK= 430MHz for the INV/NOR3 path, and /a.A=©05MI Iz for the 
NAND3/1NV path are observed at V DD =l.2W. This demonstrates that 
MuGFET technology complies with low-power product speed 
requirements of 300MHz to 500MHz in typical critical paths structures. 
The speed difference between the p-type dominated INV/NOR3 and n-type 
dominated 1NV/NAND3 paths of 15% is significantly smaller than in 
planar CMOS circuits with up to 60% due to the higher hole mobility in p- 
type MuGFETs with (110) sidewall orientations. This device property is 
particularly beneficial since CMOS logic becomes more symmetric in 
terms of nFET/pFET drive currents. 
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To get detailed insight into the relevance of these measurements, 
voltage scaling of MuGFET circuits is compared to 90nm, 65nm, and 
45nm planar CMOS circuits with similar topologies (Fig. 7.12). The 
measured performance is normalized, i.e. 100% performance corresponds 
to nominal V DD for each technology. MuGFET circuits show an excellent 
low voltage performance and outperform planar CMOS in this region. The 
reason for this superior voltage scalability is again the small D1BL and 
good short-channel effect control. 



Fig. 7.11. Measured MuGFET large-scale circuit performance of the three 
different critical paths shown in Fig. 7.4. Copyright© 2007 IEEE. 



Fig. 7.12. Voltage scaling efficiency of MuGFET, 45nm and 65nm planar bulk 
CMOS circuits. Copyright© 2007 IEEE. 
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When increasing V DD to 110% of the nominal value, as usually done in 
mobile products to facilitate temporarily high performance modes, 
MuGFET clock frequency shows a much stronger saturating behavior 
compared to planar CMOS technologies. The reason is that drain currents 
of MuGFETs increase only linear with the gate overdrive Vgs-Vt as shown 
in Fig. 7.3. This is in contrast to the nonlinear increase of drain current in 
planar CMOS devices following the a-power MOS model lD cc (VGs-V T ) a 
with a® 1.3. The linear current dependence of MuGFETs is attributed to 
the large parasitic source/drain resistance of 500Q/pm. The resulting 
intrinsic voltage drop in the source reduces the effective gate overdrive. 
The parasitic resistance will be reduced if 30nm to 50nm selective 
epitaxial silicon growth is applied in the source/drain regions.[14] 

7.2.3 Leakage-performance trade off and energy dissipation 

Motivated by demand for low active and leakage power dissipation, the 
NAND3/NOR3 path is further investigated under three operating modes at 
full data activity of 25%, with 0% data activity where FFs and clock 
distribution are switching, and in clock gating mode with disabled clock 
,/o.a' = 0M1 Iz. For all three operating modes the current is measured and 
plotted against the maximum clock frequency to analyze the trade-offs 
between performance and power dissipation (Fig. 7.13). Since FFs belong 
to the most complex cell types within a digital standard cell library and 
hence are much larger in terms of transistor numbers compared to 
combinatorial logic gates, the measured x7.4 difference between 0% and 
25% data activity is reasonable. 

Flowever, the difference between the leakage current and the current for 
0% data activity when only clocks and flip-flops are dissipating active 
power is 70x only. Considering that excellent short-channel behavior and 
low sub-threshold related source currents down to 30pA/pm are obtained, 
an explanation for this considerable high current during standby mode is 
the on-state gate leakage current due to the newly introduced FlfSiON- 
based gate stack on MuGFETs which still has improvement potential in 
terms of thickness homogeneity and interface states in circuits with large 
integration density. 

Due to the relevance of voltage scaling for leakage reduction, we now 
compare the leakage-performance trade offs of MuGFET and planar 
CMOS circuits for V DD =0A\ to 1.4V (Fig 7.14). Performance and leakage 
currents at nominal supply voltages are marked by the dashed lines. Fig. 
7.14 shows that MuGFET circuits exhibit a steeper slope and a strong 
leakage increase above V DD =W than the planar CMOS circuits. Again, this 
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is caused by the on-state gate leakage of the TiN/HfSiON gate stack. In 
contrast to this, the leakage current of the planar CMOS circuits is 
dominated by subthreshold current with a typically weaker V DD 
dependence. 



Fig. 7.13. Trade-offs between circuit performance and current dissipation of the 
NAND3/NOR3 path for three operating modes: active with 25% data activity in 
the logic, 0% data activity, and leakage state with disabled clock. 



Fig. 7.14. Comparison of leakage-performance trade offs of MuGFET and planar 
CMOS circuits for a wide range of supply voltages. Copyright© 2007 IEEE. 
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In addition to leakage-performance trade-off, the efficiency of dynamic 
voltage scaling is of key importance for low power in MuGFET circuit 
designs. In modern product designs this technique is frequently applied to 
temporarily reduce capacitive energy consumption for all applications 
where maximum circuit performance is not required. If a new CMOS 
technology or process option is introduced for low voltage circuit design 
two main questions arise: 

• Where is the most energy-efficient operating point of product-typical 
circuits? 

• How does the gain in energy at low supply voltages affect circuit 
performance compared to nominal operating point? 


Therefore, the energy dissipation per operation of the fabricated circuits 
is derived from the current measurements shown in Fig. 7.13 for full circuit 
activity of 25%, disabling of the logic-1 propagation within the pipeline to 
emulate 0% data activity, and /cix=0 to emulate clock gating. Fig. 7.15 
shows the results for the NAND3/NOR3 pipeline operated at maximum 
possible frequency for each voltage level according to Fig. 7.11. Energy 
dissipation for a lower core activity of 5% is calculated from the 
measurements and according to: 


E TO t 1] V DD (/ C LO G + C C LK ) I LEAK ^DD ^ CLK 


(7.2) 


where // is the clock gating factor (0 < // < 1) and factor y is the logic 
activity of the pipeline structure (0 < y< 0.5). C / oc and C C lk are the total 
capacitances of logic gates and the clocked devices in FFs and clock tree. 
For room temperature, the ratio of total energy to leakage energy is xl00. 
Minimum leakage energy occurs at V DD =0.6V. For V DD <0.6V and 
especially in the subthreshold region, leakage contribution increases due to 
the disproportional rise of the clock period T CLK in Eqn. (7.2). For 5% 
activity and maximum speed, Fig. 7.15 indicates a x5 total energy reduction 
when scaling V DD from 1.2V to 0.6V. 

So far energy dissipation has been discussed for room temperature only. 
However, mobile SoC products are operated at about 85°C junction 
temperature, where MuGFET off-current increases by about x7. In this 
case, the relative contribution of the leakage energy increases. To estimate 
this effect, total energy dissipation at 85°C is calculated for a low data 
activity of 5% (Fig. 7.16). 
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Supply Voltage V DD [V] 

Fig. 7.15. Energy dissipation of the NAND3/NOR3 path at maximum speed for 
two activities without clock gating. Copyright© 2007 IEEE. 



Fig. 7.16. Energy dissipation of the NAND3/NOR3 path at maximum speed at 
25°C and 85°C for 5% data activity and 30% clock gating. 

In addition a clock gating efficiency of 30% is assumed, which reduces 
clock buffer and flip-flop dynamic energy consumption. Due to the 
increased leakage contribution, it becomes obvious, that for this low 
activity scenario the minimum energy per clock cycle is in the supply 
voltage range between 0.4V to 0.5V. The general effect is well known in 
circuit design and is the reason why optimum supply voltages of SRAM 
circuits with even lower activity are at about IV.[15] Mixed-V T integration 
is a favored low power circuit technique to reduce leakage energy during 
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active mode. The feasibility of this circuit technique will be discussed in 
Section 7.2.4. 

Besides energy per operation, the energy-delay product Ext D of a logic 
stage is a useful figure of merit to consider the penalty of strong speed 
reduction at low V DD . Fig. 7.17a shows the average switching energies, gate 
delays and the Ext D product obtained from the MuGFET NAND3/NOR3 
pipeline. According to this metric, the most efficient voltage range in terms 
of energy and performance is between 0.7-0.9V. Below 0.6V the delay is 
highly sensitive to external and internal supply voltage variations. Setting a 
low voltage limit of 0.6V leaves a sufficient margin of lOOmV to avoid 
delay increase larger than x2 and thus ensuring robust circuit operation. 
Fig. 7.17b compares the normalized Ext D products of MuGFET and planar 
CMOS circuits. The minimum Ext D product for MuGFET circuits is 
300mV and 400mV lower compared to 65nm and 45nm CMOS 
technology, respectively. Again, the advantage of MuGFETs is due to the 
superior voltage scalability originating from the small DIBL and 
subthreshold slope. 



Fig. 7.17. Energy-delay product, average energy per clock cycle, and average 
stage delay of the NAND3/NOR3 path (a) and comparison of energy-delay 
products of MuGFET, 45nm and 65nm planar bulk CMOS circuits. Copyright© 
2007 IEEE. 

A conclusion of the investigations of these large-scale circuits is that 
MuGFETs offer an opportunity to reach the IV supply voltage barrier for 
300MFlz critical path performance. For applications with about lOOMFIz 
performance 0.6V seems to be a reasonable lower limit. Even though 
energy efficiency for extremely low voltage operation below 0.6V~2x V r , 
degrades, this supply voltage region is attractive for applications with very 
low performance requirements of lOkFlz to lMFIz, e.g. data processing in 
wireless sensor nodes and mobile phone standby modes. Assuming that a 
gate length to fin width ratio of L G /W FIN =\.5 is achieved for 32nm and 
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22nm feature sizes, a significant performance benefit of MuGFET-based 
CMOS circuits compared to planar CMOS circuits of about x2 is feasible 
in these operating region. 


7.2.4 Multi-Vr devices and mixed-V T circuits 

Multi- V T device integration is a key requirement to implement mixed- V T 
circuits and power gating for leakage reduction (Fig. 7.18a). Adjusting 
channel doping is not a viable solution for thin fin widths to generate 
different V/s. Moreover, multiple metal gate workfunction integration is 
expensive in terms of process complexity. An alternative solution is the 
intentional design of slightly different fin widths in combination with gate 
length tuning to provide low-FV and high-FV devices (Fig. 7.18b). The 
device physical background of this approach is the MuGFET gate length to 
fin width ratio L G /W FIN . Since this ratio quantifies the capability to suppress 
the penetration of the electrical drain field into the fin region, it can be used 
to adjust the trade-off between source leakage current and drive current. 
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Fig. 7.18. Mixed- V T design (a), implementation of different device types using 
MuGFETs with different fin widths and gate lengths in a single midgap metal gate 
technology (b), and impact on circuit performance and leakage to provide mixed- 
V T capability (c). Copyright© 2007 IEEE. 


In Fig. 7.18c the reg-V T devices are tall triple gate FETs with L G =95nm 
and L g /W fin =2.5, which is sufficient to eliminate short-channel effects. 
Increasing the initial L G IW FIN ratio of the reg-V T device by 28% to 3.2 
decreases the off current by x5 at the penalty of 25% speed loss. Using 
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these n-type MuGFETs as sleep transistors to separate the circuit 
temporarily from supply lines, and assuming 5% of the total transistor 
width for the sleep transistors, shows that xlOO leakage reduction during 
sleep modes is achievable. This value is comparable to planar CMOS 
designs based on rcg-Ky/high-K-/ combination. For a typical mixcd-K/ 
design with 20% reg-V T circuits in critical paths and 80% high-V T circuits 
for the remaining logic, larger L G reduces active-mode leakage by x3. 

For wide fins with nearly rectangular cross section and L G /W FIN =\.5 
leakage increases by x600 to 55nA/pm. Considering the minor speed 
improvement of 15% over the rcg- V r core device with tall fins, fin width 
increase is less efficient to provide low-F t- devices in a cost-sensitive low 
power MuGFET technology. Flowever, the leakage current value of 
55nA/pm still fulfills microprocessor requirements. Maintaining the 
L g /W F in=\.5 scaling ratio and then reducing gate length result in a 
significant performance increase as shown on device level for high 
performance CMOS devices.[16] 

7.2.5 High-temperature circuit operation 

Many SoC applications, especially for automotive and industrial 
markets, require circuit operation at elevated temperatures. Fully depleted 
SOI circuits have been demonstrated at 275-300°C, while partially 
depleted SOI circuits are limited to 225°C. The operation of bulk silicon 
circuits is limited to a temperature of approximately 200°C. Fig. 7.19 
shows that metal-gate based MuGFET circuits are operating even at 
temperatures of 300°C.[17] 



Fig. 7.19. MuGFET ring oscillator speed vs. temperature. Copyright© 2006 IEEE. 
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At higher supply voltages, performance reduces with temperature due to 
carrier mobility reduction, but at about V DD =l V, the performance reduction 
is flat since the threshold voltage V T is also decreasing. These initial results 
indicate that MuGFET CMOS technology is also an interesting 
opportunity for future high temperature applications and not limited to low 
power products. 

7.2.6 SRAM design 

SRAM cells (Fig. 7.20a) are traditionally one of the most critical circuit 
components in a SoC technology platform and considerable effort is spent 
to reduce cell sizes, achieve robust read and write operation as well as 
voltage scalability. In sub-lOOnm CMOS, the degradation of read and 
write stability at low operating voltages typically defines the minimum 
supply voltage of the complete IC, if a cost-efficient single supply voltage 
architecture is chosen. In planar CMOS SRAM design, device dimensions 
W/L g of the pull-down nFET (PD), access nFET (AC) and pull-up pFET 
(PU) device can be adjusted continuously to optimize cell stability. 

Usually, PD devices have the largest W/L 0 ratio and are chosen to be 
1.3-2x stronger in terms of drive currents as the AC devices. The current 
ratio I pi)/l Ac, reflecting the geometric device dimension, is known as beta 
ratio to describe the static read stability of the cell. A sufficient beta ratio 
assures that the stored 0 is maintained on the internal storage nodes SN or 
/SN if the word lines WL are open and not overwritten by the pre-charged 
bit lines BL during the voltage divider configuration. This is achieved by 
using minimum transistor width and increase gate length for the AC 
devices. While high-density cells are designed with beta ratios of less than 
1.5, dedicated low voltage cells are typically larger and have beta ratios of 
1.5-2. In MuGFET SRAM design, the opportunity to vary the transistor 
width continuously does obviously not exist in minimum sized cells, where 
each device consists of a single-fin transistor (Fig. 7.20b). Therefore, the 
remaining degree of freedom to weaken the access devices is to use a 
slightly larger gate length. This approach is explored in an SRAM design 
shown in Fig. 7.21.[7] The measured static noise margin of 185mV for 
Vdd= IV is acceptable. 

A further issue is the write stability. In section 7.2.1 we have seen that 
the current drive of pFET devices can reach up to 80% that of an nFET. 
While this renders CMOS logic more symmetrical, there can be an issue 
when writing a logic-0 into the SRAM cell, if the pFET pull up path is too 
strong. Again, slightly increased gate length is helpful to weaken the pFET 
access devices. MuGFET device tuning by locally adjusting the fin widths 
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is a further technique but requires very precise control of the fin 
dimensions. 



Fig. 7.20. SRAM schematic (a) and MuGFET SRAM layout (b). 


Theoretical circuit studies show that static noise margin can be also 
improved by using 45°C rotated fins within the cell. Depending on the 
orientation of the whole memory array, either drive currents of PD devices 
are increased or the AC and PU devices are weakened due to different 
mobilities along the fin sidewalls.[18] If a cell area increase is acceptable, 
an additional solution is to use two-fin pull-down devices. The smallest 
MuGFET SRAM cell reported so far has a cell size of 0.274 pm 2 . [19] 
Flowever, at the time this book is being written, dynamic SRAM operation 
is still to be demonstrated and requires higher yield and co-integration of 
CMOS logic for peripheral circuits together with SRAM core cells. 




Fig. 7.21. MuGFET SRAM SEM microphotography (a) and SRAM butterfly 
curves with word line at IV (b). [7] Copyright© 2007 IEEE. 
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7.3 Analog Circuit Design 

The ongoing technology scaling causes some severe challenges for 
analog and RF circuit design using standard planar digital CMOS 
technologies for example in system on a chip (SoC) solutions. While 
transistors are getting faster, their analog properties degrade from node to 
node. One of the most critical issues is the degrading intrinsic gain 
(defined as gjgds) of the devices due to strong pocket implants and 
growing impact of short channel effects. For technology nodes below 
65nm single digit values are expected for gjgds■ But also increasing flicker 
noise, variability and mismatch represent serious issues and demand smart 
solutions from analog and RF designers to maintain or enhance circuit 
performance. The introduction of multi-gate device architectures 
(MuGFET) and novel materials (high-k, metal gate) will significantly 
change analog and RF device properties and hence will also impact circuit 
design. 

In this chapter first the most important analog and RF device figures of 
merit for single- and multi-gate transistors are compared. In addition new 
device and material specific parasitic effects are shown. Based on device 
properties some multi-gate circuit design challenges and prospects are 
explained, beginning with basic analog building blocks up to mixed-signal 
and RF circuits. If not explicitly stated, all multi-gate device and circuit 
measurements are carried out on a MuGFET technology as described in 
Ref. [7], 

7.3.1 Device figures of merit and technology related design 

issues 

7.3.1.1 Transconductance 

The transconductance g m describes how efficient a small voltage signal 
at the transistor gate is converted into a drain current signal. The available 
transconductance limits the bandwidth of operational amplifiers as well as 
the maximum frequency of oscillators. Figure 7.22 shows the gate length 
dependence of g m for n-type MuGFET and bulk MOSFET in comparable 
technologies (in terms of minimum feature size). The g m of the MuGFET is 
slightly lower than that of the bulk FET mainly due to the high parasitic 
source/drain resistances. The situation gets worse for shorter channel 
lengths and increasing overdrive voltage V GS - V T . 
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Fig. 7.22. g,„ (top) and gjgds (bottom) of n-type MuGFET and bulk MOSFET at 
FG,s=FY+200rnV and V D s= IV. 


7.3.1.2 Intrinsic transistor gain 

The intrinsic transistor gain is defined as gjgds and relates the 
effectiveness of the transistor as controlled current source in regard to the 
output resistance. The gjgds ratio limits the open-loop gain of operational 
amplifiers for a specified bandwidth as well as the resolution of analog-to- 
digital converters. Figure 7.22 compares gjgds of bulk and MuGFET 
devices. Even at short gate lengths the MuGFET features an improved 
gain, although its g m is slightly lower. The main reason for the high gain of 
the MuGFET is the very low output conductance due to the undoped fins 
without any pocket implants.[20] Additionally, the excellent short channel 
behavior helps to reduce the output conductance. From analog perspective, 
the high intrinsic gain is a strong argument to use multi-gate devices in 
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future technology nodes, as it overcomes one of the most critical scaling 
issues in planar bulk CMOS. A quantitative estimation of the resulting 
benefits for analog circuits can be seen later in this chapter. 

7.3.1.3 Matching behavior 

The amount of transistor parameter mismatch of nominal identical 
devices defines the resolution-speed-power trade-off in analog and mixed- 
signal circuits to a great extent.[21] In deep sub-micron CMOS 
technologies there are many sources of transistor parameter mismatch such 
as V T or current factor juC ox . Fluctuations of channel and gate doping 
concentrations, oxide charges and surface roughness contribute to local 
variations of device parameters. The dominant effect in today’s CMOS 
technologies is the V T mismatch due to the statistical variation of channel 
dopants. It can be expressed as 

A vt (7.3) 

^ VrT 

with a matching constant A VT proportional to the oxide thickness and the 
doping level [22]: 

At ‘J% <7 - 4) 

Undoped, metal-gate based MuGFETs therefore outperform doped bulk 
devices in terms of matching as illustrated in Fig. 7.23. 



Fig. 7.23. Matching performance for bulk and MuGFET devices.[23] 
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On the other hand, new mechanisms come into play for MuGFETs with 
scaled dimensions. For very narrow fins, variations of source/drain 
resistance, gate misalignment, line edge and fin sidewall roughness 
degrade the matching performance again.[18-19] Although not related to 
the multi-gate device architecture, also the introduction of high-k 
dielectrics may worsen the matching behavior. [20] Flowever the impact of 
these effects can be reduced by technology optimization whereas the 
limiting V T mismatch in case of planar MOSFETs is just a statistical effect. 

7.3.1.4 Flicker noise 

Similar to matching, noise is a limiting factor for the area-power trade¬ 
off in analog circuit design. The noise sources in single- and multi-gate 
devices do not differ in general terms. Flowever there are new or other 
effects that contribute to the individual noise mechanisms, especially in 
case of flicker noise. Following similar effects as described above, also 
flicker noise is increased for narrow fins due to the high density of states at 
the non-perfect surface (110 crystal orientation and roughness) of the fin 
sidewalls. The introduction of high-k dielectrics will further degrade noise 
performance (Fig. 7.24).[25] 




Fig. 7.24. Flicker noise vs. overdrive voltage (top) and Hf content of the dielectric 
(bottom). Copyright© 2007 IEEE. 

Flicker noise is measured for planar nFETs with varying ETf content in 
the dielectric, going from SiON to pure FlfCE. Replacing SiON with 
FIfSiON (50% ETf) increases the flicker noise by more than a factor of 5. 
For pure FlfCE flicker noise is increased by another 35%. MuGFETs (fin 
width = 20nm, TiN gate, undoped channel) show the same trend (Fig. 7.24 
shows only FlfCE), but with an overall increased noise level. This is 
attributed to additional noise sources at the source/drain resistances and the 
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low interface quality of the rough fin sidewalls and dielectric. Especially 
for narrow fins the flicker noise is higher compared to planar, in this case 
about 2.5 times. 


7.3.1.5 Transit and maximum oscillation frequency 

The transit frequency f as well as the maximum oscillation frequency 
f nax are key figures of merit for RF circuit design. /, and f max define the 
unity gain frequencies for current and power respectively. Both are limited 
by the relation of achievable transconductance versus parasitics as the 
gate-drain and gate-source capacitance C gd/gs or in case of f max the gate 
resistance as shown in equation 7.5: 


fr = 


gn 


Hc g d+c gs ) ’ 


f = 

J max 


f 


(7.5) 


%xR gate C gd 


Compared to planar devices f and f max are significantly decreased due to 
the low g,„ , the high source/drain resistances and the high C gd / gs . The high 
Cgd/gs per unit width can be explained by the additional fringing 
capacitance of the source/drain contact landing pads to the gate region in 
between the fins that does not contribute to the channel width. Figure 7.25 
compares f and f max of bulk and MuGFET devices. 

Selective epitaxial growth (SEG) is a possible solution to reduce 
source/drain parasitics and will be a key achievement to enhance the RF 
performance of MuGFETs.[14] For applications below lOGFlz, 
nevertheless, the actual achievable f and f max of MuGFETs are sufficiently 
high. [20] 



gate length [nm] gate length [nm] 


Fig. 7.25. f, (top) and/„ Iflv (bottom) for n-type bulk and MuGFET devices. 
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7.3.1.6 Self-heating 

The dissipated power of active devices leads to local temperature 
increases that influence important transistor parameters as V T or mobility. 
Self-heating is not a multi-gate specific effect but occurs pronounced in 
SOI technologies such as MuGFET due to the low thermal conductivity of 
the surrounding BOX and the small silicon volume. Scaling down the 
volume of the silicon fin due to the scaling of the gate length and the fin 
width will even more increase the effect. [26] Figure 7.26 shows pulsed 
output characteristics at different temperatures compared to DC 
measurement at room temperature. For low current and voltage values the 
DC curve fits the room temperature pulsed measurement, whereas with 
increasing power dissipation self-heating shifts the curve to the 75 °C 
pulsed curve. Measurements and simulations show that self-heating can 
degrade the Ion of MuGFETs by 10% with a time constant in the range of 
ten to hundred nanoseconds. [27] Self-heating can be included in circuit 
simulation with a simple equivalent circuit as shown in Fig. 7.26. The 
power dissipation of the device is measured and applied to a thermal RC 
network creating the time-dependent local temperature that is fed back to 
the actual device. Transient drain current variations may have serious 
impact on analog circuits as shown later in this chapter. [26] 



Fig. 7.26. Equivalent circuit for self-heating and comparison of (pulsed) 
measurements and simulation. Copyright© 2007 IEEE. 


7.3.1.7 Charge trapping in high-k dielectrics 

Another effect that is non-specific to multi-gate devices is charge 
trapping in high-k dielectrics. High-k is seen as important part of sub 45nm 
single- or multi-gate CMOS technologies, therefore the related issues for 
the design of analog and mixed signal circuits are discussed here. 
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Depending on many technology parameters such as the material of the 
dielectric or gate electrode, the interface quality, bias and temperature, 
charges can be trapped in preexisting states or defects in the high-k 
material. This effect leads to a dynamic shift of V T .[28] Typical V T shifts 
are in the range of some mV up to hundreds of mV, while time constants 
in the range from ps to ms are reported.[28] Under appropriate bias 
conditions detrapping of the charges is possible, revealing hysteresis 
effects in the IV characteristics (Fig. 7.27). Similar to self-heating, this 
effect can be modeled in first order by means of an equivalent circuit as 
shown in Fig. 7.27.[26] 



Fig. 7.27. Equivalent circuit for charge trapping and comparison of (pulsed) 
measurements and simulation. Copyright© 2007 IEEE. 


7.3.2 Design of analog building blocks 

This section illustrates some MuGFET specific features in the design of 
basic analog building blocks. Important differences compared to standard 
planar designs are discussed. 

7.3.2.1 V T -based current reference circuit 

The aim of a current reference is to provide a constant current that is 
insensitive against variations of the supply voltage V DD . A common 
solution is shown in Fig. 7.28.[29] The p-type current mirror M3 - M4 
forces the currents to be equal, while the absolute value of the current is 
determined by Rs, V T i and the current factor K 7 (ignoring X): 


V „ 1 J_ I 2V n 1 

R s + K\R> + R S ^K\R S + K'iRs 


To ensure a proper operating point a start-up circuit is necessary (not 
shown in Fig. 7.28). 
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The design of this circuit with multi-gate devices does not imply big 
suiprises coming form planar bulk technologies. Due to the low g* and the 
good matching behavior, the requirements on channel length and device 
area are relaxed compared to planar. Fig. 7.28 shows the measured 
performance of a MuGFET implementation of the reference. The output 
current at a fixed output voltage is measured for varying values of V DD . 
Quantitatively the V DD dependence can be expressed using a resistor R DD 
which is defined as: 


dV 

n _ u r DD 


dl, 


OUT 


The example in Fig. 7.27 yields a R L 


V 0 uT =cons t • 

of about 5MQ. 


(7.7) 




Fig. 7.28. Schematic (left) and measured F/j d dependence of MuGFET 
implementation of V T based current reference (right). 

7.3.2.2 Bandgap voltage reference 

Bandgap based voltage reference circuits are intended to generate a 
reference voltage V ref independent of V DD , temperature and process 
variations. A clever way for getting rid of any temperature dependence of 
V re f is to sum up two voltages with positive and negative temperature 
coefficient respectively. Usually the voltage across pn-diodes or parasitic 
bipolar transistors (V/, e ) is used for the negative temperature coefficient, 
whereas the difference of two diode voltages with unequal areas serves for 
the positive temperature coefficient. Fig 7.29 shows a possible 
implementation of such kind of bandgap reference that is suited for low 
supply voltages around 1V.[30] V re /is given by: 
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Fig. 7.29. Schematic of bandgap reference for low supply voltages. 


The need for pn-diodes to realize bandgap references represents a 
serious problem in fully depleted multi-gate SOI technologies, because 
intrinsic pn-junctions are not available. A possible alternative is the use of 
gated diodes [31], sometimes also called lubistors. They consist of 
standard n- or p-type transistors where one of the source/drain implants is 
inverted. One can obtain either p + -i-n + or p + -p/n-n + diodes, depending on 
the doping of the fin. Alternative solutions are based on silicide blocking 
masks to generate lateral p n + -junctions. 



0 500 1000 1500 0 20 40 60 80 100 120 140 

VDD [mV] Temp [C] 


Fig. 7.30. Measured Vdd and temperature dependence of the reference voltage 
V out . Copyright© 2005 IEEE. 
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Figure 7.30 shows measured V DD and temperature dependence of a 
MuGFET bandgap reference using gated diodes. [31] In this case an early 
multi-gate technology containing polysilicon-gate devices with doped fins 
is used.[32] Above IV the regulation loop begins to work and the output 
voltage is kept constant. The temperature dependence is not fully canceled, 
however the feasibility is proven. 


7.3.2.3 Operational amplifier 

Operational amplifiers (OPAs) are important building blocks for many 
applications, e.g. for AD or DA converter circuits. As common 
architecture a two stage Miller OPA serves as example in this chapter, 
(Fig. 7.31). Important figures of merit are gain-bandwidth product ( GBW), 
open loop voltage gain (A 0 ) and power consumption (P). 



Fig. 7.31. Miller compensated two-stage operational amplifier. 


Open-loop gain and gain-bandwidth product are determined by the 
small signal parameters g m and g ds [29]: 


GBW =- 


2;zC„ 


A o = 


8n 


' 1/2 


g„ 


(7.9) 


gdsU2+g d s3/4 gds6^~gdsl 


Obviously the high intrinsic gain of MuGFETs is beneficial for these 
figures of merit. For a quantitative analysis of the benefits, planar and 
MuGFET designs are compared.[25] A 0 , GBW, phase margin and load 
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capacitance C L are specified to be 50dB, 10MHz, 60° and 5pF, 
respectively. Starting point is a planar design using devices with a channel 
length of 3 times L min that fulfills the specifications. Converting the design 
to MuGFET and keeping L gate constant yields a very high open loop gain 
of 80dB. As this high A 0 is not required, L gate can be reduced to obtain 
higher g m values. The higher g m again can be traded against higher GBW 
(Eqn, 7.9) or less power consumption, (same g m can be reached with less 
bias current). Table 7.4 resumes the simulated performance results of 
planar and MuGFET Miller OPA implementations. 


Table 7.4. Performance comparison of planar and MuGFET Miller OPAs. 
Copyright© 2007 IEEE. 



Planar 

MuGFET 

MuGFET 

MuGFET 

Egate 

3 T . 

^ L mm 

3 T 

L -nnn 

1 -4 L ra ; n 

1 -4 L m j n 

GBW [MHz] 

10.8 

10.6 

14.7 

10.4 

A 0 [dB] 

48.1 

81.3 

47.1 

47.6 

P [uW] 

53.2 

55.6 

56.8 

41.9 

FOM [MHz/uW] 

0.203 

0.191 

0.259 

0.248 

FOM improvement 

±0 

-6% 

+28% 

+22% 


7.3.2.4 Comparator 

Comparators are essential building blocks for AD converters. A simple, 
robust and widely used comparator circuit is shown in Fig. 7.32. The 
decision speed, which is simply determined by the bias current through the 
differential pair and the load capacitance is probably the most important 
design parameter of the comparator. There is no basic difference between 
planar and multi-gate comparator design. Flowever, there are some 
potential issues with multi-gate comparators that designers should be 
aware of. In the last chapter, different types of transient transistor 
parameter variations are presented that can degrade comparator operation. 
Flere, the impact of charge trapping on comparator performance is shown 
as an example. In the simulation the differential input voltage is stepped 
from a large positive value to a small but still positive residual value as 
shown in Fig. 7.32. The output voltage of the comparator without charge 
trapping is shown in Fig. 7.33 (left). As intended, the output voltage 
follows the input voltage quite fast. 

Including the charge-trapping model in the simulation, the situation 
changes quite dramatically. The equivalent circuit presented in the last 
section is used with a steady state IVshift of 3mV and a time constant of 
0.3 pis. For a certain period of time the comparator delivers a wrong output 
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voltage until it recovers slowly. This behavior is caused by the dynamic 
mismatch of the threshold voltages of the input devices of the comparator. 
Before the step of the input voltage Mi is exposed to a big gate voltage and 
therefore a big Fy-shift, while the gate voltage of M 2 is very low as well as 
its Frshift. The input voltage changes much faster than the F/-shifts of 
both devices, which slowly drift to their new, approximately equal value. 
The maximum residual voltage (i.e. the achievable resolution) that causes 
wrong decisions depends on the maximum steady state Fy-shift, the time 
constant of the charge trapping and of course the sampling time, i.e. the 
time when the correct output voltage has to be evaluated. 




Fig. 7.32. Comparator schematic and input voltage for simulation. Copyright© 
2007 IEEE. 




L 




--- 

outp 

\J t 

outn 


















Fig. 7.33. Output voltage without (left) and with charge trapping model (right). 
Copyright© 2007 IEEE. 


7.3.3 Mixed-signal aspects 

In this section some multi-gate specific aspects in the design of mixed- 
signal circuits are presented. 
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7.3.3.1 Current steering DAC 

The idea of current steering digital-to-analog converters is to sum up the 
currents of binary and/or thermometer coded current sources according to 
the applied bit pattern (Fig. 7.34). The quality of the current sources in 
terms of output resistance and matching limits the achievable resolution 
and yield. The minimum length and area ( WL min ) of the current source 
devices is given by impedance (Z mm ) and matching requirements [33]: 


= 


NR l 

4 SNR 


WL min = ' 


a(I) 


A k . + 


4 A 


VT 


(Vgs-V t ) 2 ) 


(7.10) 


N, R l , a(I)/I and A K - represent the number of bits (nominal resolution), 
the load resistance, the maximum current mismatch (given by resolution 
and yield specifications) and the mismatch constant of the current factor 
luCox, respectively. It is obvious that the low output conductance as well as 
the good matching behavior of the MuGFETs can be used to increase the 
resolution on the one hand or to decrease the power and area consumption 
of the converter on the other hand. 
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Fig. 7.34. Segmented current steering DAC. 


7.3.3.2 Successive approximation ADC 

As an example for analog-to-digital converters a charge distribution 
based successive approximation (SAR) ADC is shown here, (Fig. 7.35). 
The design of the main blocks of the ADC, i.e. comparator, capacitor 
network and control logic follows the same rules as in planar bulk 
technologies. However transient variations due to self-heating or charge 
trapping can degrade the performance of the SAR ADC. [25] 




328 Gerhard Knoblinger, Michael Fulde and Christian Pacha 



Fig. 7.35. DC ramp and SNR degradation due to charge trapping. Copyright© 
2007 IEEE. 

As shown above, comparator decisions can be influenced by transient 
variations. The resulting impact on the ADC performance is shown in 
Figure 7.36. Again charge trapping with a Ky-shift of 3mV serves as 
example. The left side shows the resulting error for a DC sweep of the 
input voltage. For input voltages lower than V re f/2 also almost no errors 
occur. For input values around V re f /2 and 3/4 V re f the conversion error is 
about one LSB. For higher input voltages, the several wrong comparator 
decisions occur in the conversion cycle revealing a higher conversion 
error, up to 3 LSB. In addition, the density of faulty codes increases with 



Fig. 7.36. DC sweep and SNR degradation due to charge trapping. Copyright© 
2007 IEEE. 


The right side of Fig. 7.36 shows the signal-to-noise ratio (SNR) for 
varying steady state Ky-shift. For values below 5mV the SNR degradation 
is quite small, whereas the SNR is reduced by about 6dB and 12dB for a 
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^ 7 -shift of lOmV and 15mV respectively, corresponding to a degradation 
of the effective resolution by one to two bits. 

7.3.4 RF circuit design 

For SoC applications the ability to realize also RF circuits is of outmost 
importance. The most important building blocks for RF systems are LC- 
VCOs (LC tank Voltage Controlled Oscillators) and LNAs (Low Noise 
Amplifiers). Fig. 7.37 shows the schematic of an LC-VCO with MuGFET 
NMOS varactors and MuGFET switching transistors. For the measurement 
of the LC frequency also output buffers are included. With the current 
mirror, the power consumption of the VCO core can be changed. Fig. 7.38 
shows a chip microphotograph of the VCO including also the pads for the 
measurement, the details of the varactor array and the switching 
transistors. 

Simulation results with Si02 gate oxide show a tuning range of > 30% 
and a phase noise of -132dBc/Flz. The tuning range is already appropriate 
for GSM applications, but the phase noise performance is not sufficient for 
such kind of applications. The main reason for this is the limited number 
of metal layers available for this test chip. The switch to high-k materials, 
where the flicker noise will most likely increase dramatically will even 
further degrade the phase noise performance. 



Fig. 7.37. Schematic of a LC-VCO including output buffer and current mirror. 
Copyright© 2007 IEEE. 
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Fig. 7.38. Chip microphotograph of the VCO including pad frame and details of 
the varactor array and switching transistors. Copyright© 2007 IEEE. 



Fig. 7.39. Schematic, chip micro photograph of the transimpedance amplifier and 
details of the optimized MuGFET array layout. Copyright© 2007 IEEE. 

Figure 7.39 shows an example for a transimpedance low-noise amplifier 
realized with MuGFET devices. Because input and output impedance have 
to be matched to a 50 Ohm environment, the number of fingers in the 
MuGFET devices is in the range of a few thousands and the current 
consumption of the circuit is very high (20mA). Therefore the optimization 
of the MuGFET layout for this kind of applications plays an important 
role. Also the consideration of self-heating effects in the simulation is very 
important. Chip microphotograph and an example for an optimized layout 
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of RF optimized transistor unit cells are shown in Fig. 7.39. Large 
blocking capacitors between the supplies V DD and V s s Fill the free area 
within the pad frame. The simulation based RF figures of merit for this 
circuit at 2 GFlz operation frequency are a noise figure of approximately 
2dB for 50 Ohm source impedance and a voltage gain of 15dB, which is 
comparable to planar designs.[34] 

7.4 SoC Design and Technology Aspects 

The capability of an efficient and heterogeneous integration of SoC 
applications is a key factor for the success of any advanced technology as 
MuGFET. A selection of various technology and design related aspects for 
SoC integration are summarized in Fig. 7.40. Potential benefits for digital, 
analog and mixed-signal circuit design have already been proven, as 
presented in the previous chapters. The broad range of different circuit 
components shows that there are no fundamental roadblocks for MuGFETs 
to replace planar MOSFETs in a future mainstream CMOS technology. 

Furthermore, MuGFETs have shown a good ability of overcoming some 
potential show-stoppers. For instance, high ESD robustness can be 
achieved by using gated diodes for the ESD protection circuit and ensuring 
sufficient heat sinking at 10 devices.[35] The reduction of the 
source/drain resistances e.g. by SEG will be a key achievement to resolve 
digital high performance and RF design challenges. Moreover, full area 
scaling of digital gates and SRAMs has to be demonstrated at the circuit 
level and shrinking factors comparable to those attained in planar CMOS 
devices have been attained. In order to shrink the height of standard cell, 
small fin pitches, on the order of lOOnm are necessary. A reduction of 
contact-to-gate distances is also required to reduce the cell size in the 
lateral direction. 

Sufficient and cost-efficient process control in terms of systematic and 
random fin dimension variability is still to be shown for narrowest fins on 
a large scale. Otherwise, the advantage of combining undoped fins and 
metal gates to reduce dopant-induced Fr-mismatch might be lost to 
parameter variability due to fin width and height variations. 

Tunable or dual-metal gate workfunctions are the preferred solution for 
achieving low V/s in high-speed devices, since gate length tuning is only 
an alternative if cost-efficiency is the main decision criterion. Long-term 
reliability also needs to be analyzed for a complete assessment of SoC 
integration capability, especially if the MuGFET gate stack is based on 
high-k dielectrics. In regard to flicker noise and charge trapping effects, a 
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metal gate/SiON gate stack might be beneficial if analog/mixed signal 
integration is more important for SoC integration than achieving highest 
possible digital performance. 


CMOS Logic 

- Performance increase due to 

metal gate and higher PMOS mobility 

- Improved circuit density 

- High-speed CMOS requires 
dual metal gate approach 

- Parasitic source/drain resistance 


Analog-Mixed Signal 
& RF CMOS 


- Discrete device widths 

- Better device mismatch 

- f x> 

- Integration of passive devices 

- Self-heating 


SRAM & 
E-Memory 

- Cell stability issues 

- Reduced leakage current 

- Better device mismatch 



_^I/O & ESD 

- High speed I/O for SiP 

- Low ESD robustness 

- Co-integration with PD-SOI 

- Self-heating 


Low Power Design 


Variations, Reliability & Yield 


- No body biasing for leakage reduction possible - Fin and gate stack homogeneity 

- Simple implementation of sleep transistors due to - New gate stack materials 

isolation of different blocks on SOI substrate - Fin width and height variations 

- Mixed-V T designs require different gate-work functions 


Fig. 7.40. Overview of various SoC design and technology aspects. Copyright© 
2006 IEEE. 
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